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Back  in  March,  several  hundred  Oceanus 
subscribers  received  a  readership 
questionnaire  from  Belknap  Data  Solutions  in 
Greenwich,  Connecticut.  The  response  was 
gratifying,  and  we  thank  the  participants  for 
thetroublethey  wentto.  In  fact,  John  Belknap, 
president  of  the  firm,  says  the  response  was 
the  highest  in  his  experience  for  a  four-page, 
multiquestion  questionnaire —  77  percent! 

We  concentrated  on  individual  rather 
than  institutional  subscribers.  Extrapolating 
from  the  results,  we  found  that  students  at  all 
levels  make  up  26  percent  of  our  readership 
and  teachers  and  school  or  college 
administrators  another  17.5  percent,  so  that 
almost  45  percent  of  Oceanus  subscribers  are 
in  education.  Another  40  percent  are  to  be 
found  in  a  remarkably  broad  range  of 
managers  and  professionals  in  business  and 
government.  The  median  age  is  a  trifle  over 
thirty-three,  and  more  than  a  quarter  of  our 
readers  are  women. 

What  delighted  us  most  (editors  get  to 
feeling  they  are  sending  their  material  into  a 
black  hole)  is  that  most  of  you  seem  to  like 


what  we  are  doing.  Nine  out  of  ten  of  you 
approve  of  our  thematic  approach  --  three 
topical  issues  during  the  academic  year  and  a 
general  issue  in  the  summer  to  cover  discrete 
and  exciting  research  projects.  Three  out  of 
four  think  that  the  technical  level  of  our 
articles  is  about  right.  A  good  many  would 
favor  increasing  the  number  of  issues 
published  per  year. 

There  was  no  dearth  of  comments  on 
the  questionnaire  —  advice  on  going  to  color 
(we  will  if  we  can  find  the  money)  or  on  looking 
deeper  into  fields  of  marine  science  (marine 
biology,  ocean  pollution,  and  plate  tectonics 
-  in  that  order  —  are  the  most  popular).  And 
there  was  enough  criticism  to  keep  our  heads 
in  our  hats.  What  you  have  done  is  put  a  solid 
floor  of  your  opinion  under  our  planning  for 
the  issues  to  come. 


Thanks  again, 

William  H.  MacLeish,  Editor 


The  U.S.  Oceanographic 

Experience 
in  China 


by  John  D.  Milliman 


Dwiunt;  l>\  til .  f/s/irr.    c    l>i71.The 
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"But  by  the  time  I  got  around  to  going  nobody  wanted 
to  hear  about  my  goddam  trip  to  China!" 


Ihe  above  New  Yorker  cartoon  reflects  the 
experience  of  an  increasing  number  of  U.S. 
oceanographers  —  as  the  exposure  to  China 
increases,  more  and  more  scientists  are  traveling 
between  the  two  countries,  yet  people  (particularly 
those  in  funding  agencies  in  the  United  States) 
seem  to  be  showing  less  interest. 

After  a  25-year  freeze  in  oceanographic 
relations  between  the  United  States  and  China,  a 
thaw  began  in  the  mid-1970s,  when  a  number  of 
marine  scientists  served  as  members  of  various 
scientific  and  cultural  delegations  that  traveled 
between  the  two  countries.  The  first  official 
oceanographic  delegations  were  exchanged  in 
1978,  the  American  delegation  being  sponsored  by 
the  National  Academy  of  Sciences.  Since  then,  a 
growing  number  of  exchanges  have  been  made: 
more  and  more  Chinese  students  and  researchers 
have  been  studying  and  working  in  the  United 
States  (often  for  prolonged  periods)  and  several 


cooperative  programs  have  been  initiated,  with  the 
promise  of  more  to  come. 

Nowthat  five  years  have  passed  since  the  first 
official  direct  contacts  were  made,  it  is  time  to 
reflect  on  what  we  know  about  Chinese  marine 
sciences,  what  we  have  learned  from  our 
interactions  with  the  Chinese,  and  what  the  future 
may  hold.  Clearly,  the  learning  has  been  a  two-way 
experience,  and  the  Chinese  undoubtedly  are 
evaluating  their  programs  with  the  United  States  as 
well. 

Chinese  Oceanography  and  Its  Organization 

As  in  the  United  States,  a  number  of  Chinese 
institutions  and  agencies  carry  out  marine  studies, 
with  five  main  groups  predominating: 

1 )  Academica  Sinica  is  a  general  research  and 
academic  organization,  somewhat  similar  in 
scope  to  the  U.S.  National  Academy  of 
Sciences.  An  important  difference  is  that  its 


MONGOLIAN       REPUBLIC 


scientists  are  hired,  not  elected,  and  they  do 
their  research  in  Academica  Sinica  laboratories. 
In  many  ways,  its  closest  American 
oceanographic  counterpart  may  be  the  Woods 
Hole  Oceanographic  Institution.  Several 
Academica  Sinica  oceanographic  institutes  are 
located  throughout  China,  the  largest  being  in 
Qingdao  and  Guangzhou  (Canton). 

2)  The  National  Bureau  of  Oceanography 
(NBO)  was  formerly  under  the  direction  of  the 
Chinese  navy,  but  within  the  last  year,  it  has 
been  reorganized  and  now  is  a  more  or  less 
independent  civil  agency.  Although  its 
headquarters  are  in  Beijing  (Peking),  its 
laboratories  are  located  in  Amoy,  Hangzhou, 
Guangzhou,  and  Qingdao,  with  an  equipment 
and  instrument  production  facility  in  Tianjin. 
Many  of  the  NBO  and  Academica  Sinica 
laboratories  have  staffs  in  excess  of  500  people, 
making  them  comparable  in  size  with  larger 
oceanographic  institutions  in  the  United  States. 

3)  The  Ministry  of  Geology  has  become 
increasingly  active  in  marine  geology, 
particularly  with  the  increased  exploration  for 
offshore  petroleum.  Many  of  the  broad-scale 
studies  of  the  deep  structure  of  the  continental 
margins  off  China  have  been  organized  through 
this  agency.  A  Bureau  of  Marine  Geology  has 
recently  opened  in  Shanghai,  and  an  Institute 
of  Marine  Geology  in  Qingdao  and  Guangzhou. 


4)  The  Ministry  of  Education  directs  the 
Chinese  university  system,  and  one  school,  the 
Shandung  College  of  Oceanography  (at 
Qingdao)  is  devoted  entirely  to  the  training  of 
marine  scientists.  *  Although  still  recovering 
from  the  effects  of  the  Cultural  Revolution,  the 
college  has  more  than  1,500  students  (with  an 
ultimate  goal  of  3,000)  and  a  staff  of  500.  A 
number  of  other  universities  also  have 
oceanographic  (or  estuarine)  groups,  including 
the  Shanghai  Normal  University,  the  Shanghai 
Tongche  College,  Amoy  University,  and 
Sun-yet  San  University  in  Guangzhou.  Training 
of  students  throughout  China  has  been  only  at 
the  undergraduate  level,  but  graduate  programs 
are  being  discussed  and  probably  will  be 
initiated  at  many  schools  in  the  near  future. 

5)  The  Bureau  of  Marine  Sciences  of  the 
Ministry  of  Oil  also  has  some  marine  science 
laboratories.  The  headquarters  is  in  Tianjin,  the 
second  largest  city  in  China. 

The  size  of  the  various  Chinese  marine 
institutes  is  matched  by  the  size  of  their 
oceanographic  ships.  Some  of  the  "coastal"  ships 
are  more  than  60  meters  long,  and  ocean-going 

*The  reader  may  notice  that  the  first  four  agencies  have 
laboratories  in  Qingdao,  which  may  explain  why  many 
Chinese  oceanographers  refer  to  this  city  as  the  Woods 
Hole  of  China. 


The  NOAA-sponsored 
U.S.  delegation  to  China 
in  the  late  autumn  of  7979 
was  able  to  negotiate  one 
of  the  first  cooperative 
research  programs  with 
oceanographers  from  the 
People's  Republic  of 
China.  (The  author  is 
seated  in  the  center  of  the 
first  row,  flanked  by  the 
heads  of  the  National 
Bureau  of  Oceanography's 
2nd  Institute  of 
Oceanography  in 
Hangzhou.) 


ships  can  exceed  100  meters.  By  comparison, 
American  ships,  particularly  newer  ones,  tend  to  be 
smaller,  perhaps  reflecting  the  need  for  more 
cost-effective  sea-going  operations.  Presumably  the 
Chinese  emphasis  on  size  is  an  unfortunate 
holdover  from  the  Russians;  one  may  question  the 
need  tor  such  large  ships  in  what  is  primarily  coastal 
and  continental  research. 

Another  marked  contrast  with  the  West  is  the 
style  in  which  the  ships  operate.  On  most  Western 
ships,  the  chief  scientist  can  alter  the  ship  track  and 
location  of  stations.  If  the  plans  do  not  endanger  the 
ship's  safety,  the  captain  generally  will  agree  to  any 
change.  This  ability  to  make  last-minute  changes  in 
the  cruise  schedule  and  track  often  allows  marine 
scientists  to  observe  phenomena  that  may  not  have 
been  anticipated  priorto  the  cruise.  On  the  Chinese 
ships  on  which  we  have  sailed,  the  captain  was  the 
ranking  authority,  and,  as  such,  it  was  far  more 
difficult  to  obtain  approval  to  alter  the  original 
cruise  schedule  or  track.  Even  if  the  captain  did 
approve,  final  approval  had  to  come  from  Beijing, 
thereby  greatly  delaying  the  process.* 

Research  Interests  and  Achievements 

The  research  carried  out  by  Chinese  marine 
scientists  is  similar  to  that  performed  by  U.S. 
oceanographers,  although  in  China  many  projects 
have  more  direct  application:  aquaculture, 
fisheries,  weather  and  sea-state  prediction, 
sea-floor  minerals,  oil  and  gas  exploration.  This 

*We  are  informed  that  this  was  true  only  for  the  first 
cruises  in  the  U.S. -China  program.  The  ships  used  were 
those  of  the  NBO  and  were  under  the  command  of  a 
Chinese  navy  captain,  who  took  his  orders  from  Beijing  by 
cable.  The  concerned  authorities  at  NBO  headquarters 
wanted  to  keep  the  original  cruise  track  to  avoid  any 
trouble.  This  is  not  the  case  with  ships  of  academic 
institutions  and  universities. 


latter  field  of  study  is  perhaps  the  most  important  in 
that  the  presence  or  absence  of  offshore  petroleum 
will  help  determine  the  course  of  Chinese 
economic  and  foreign  policy  in  the  forthcoming 
years.  If  oil  and  gas  are  found  in  large  amounts, 
China  will  have  an  extremely  valuable  resource 
with  which  it  can  attract  considerable  foreign 
investment  and  development. 


Part  of  the  emphasis  toward  modernization  of 
oceanographic  sciences  can  be  appreciated  from  this 
billboard  outside  the  entrance  to  the  2nd  Institute  of 
Oceanography.  Note  the  echo-sounding  ship  and  air-sea 
interaction  studies  in  the  background. 


The  American  research  vessel  Oceanographer 
riding  at  anchor  offAmoy.  (Photo  by  FriedrickJ. 
Hoelzl,  NOAA) 


Many  Westerners  do  not  appreciate  the  fact 
that  some  of  the  oceanographic  measurements  in 
China  have  been  made  over  long  time  periods.  For 
example,  the  main  pilot  ship  at  the  entrance  to  the 
Yangtse  River  is  purported  to  have  taken  periodic 
measurements  of  temperature  and  salinity  at  that 
location  tor  more  than  100  years.  This  would  make  it 
perhaps  the  longest  series  of  such  observations  in 
existence.  Even  more  impressive  is  the  series  of 
coastal  charts  available  to  the  Chinese:  because  of 
their  long  (and  accurately)  recorded  history,  the 
Chinese  have  coastal  charts  dating  back  more  than 
3,000  years,  thus  giving  geologists  an  excellent 
opportunity  to  document  the  evolution  of  coastal 
forms  within  that  time  span. 

In  order  to  fully  appreciate  the  present  status 
of  Chinese  oceanography,  one  must  take  into 
account  the  marked  effect  that  the  Cultural 
Revolution  (1965-1975)  had  on  both  Chinese 
science  and  society.  Science  and  education  were 
generally  viewed  by  the  Red  Guard  and  its  leaders  as 
counter-revolutionary  and  "obstructionist." 
Contacts  with  the  Western  world  (including  the 
life-line  of  all  scientists  —  scientific  periodicals) 
were  cut,  entire  labs  were  closed,  and  many  staff 
members  wound  up  tending  farms  rather  than 
pursuing  their  research  and  teaching.  When  one 
considers  the  major  gains  in  both  studying  and 
understanding  ocean  systems  that  were  made  in  the 
West  during  this  period  (satellite  imagery,  deep-sea 
moorings,  deep-sea  drilling,  multi-channel  seismic 
profiling,  concepts  in  sea-floor  spreading  and  the 
earth's  structure,  and  so  on)  one  realizes  the  extent 
to  which  Chinese  earth  and  marine  sciences  fell 
behind  the  rest  of  the  world.* 

One  of  the  "Four  Modernizations"  in 
present-day  China  is  science.  Thus,  marine 
scientists  once  again  have  become  reputable 
members  of  society.  One  cannot  help  but  be 
impressed  by  the  hard-working  scientists  and 
technicians  who  often  use  outdated  equipment  to 
do  first-rate  science.  Equipment  and  techniques 
may  be  outdated,  but  new  equipment  is  being 
acquired  at  a  rapid  rate.  In  terms  of  marine  geology, 
I  would  estimate  that  the  Chinese  are  at  about  the 
stage  American  geologists  were  at  in  the  early  1970s 
-  they  have  documented  the  basic  parameters  and 
are  beginning  to  formulate  the  necessary 
experiments  and  measurements  by  which  they  will 


*Still,  in  some  of  the  more  practical  aspects  of 
oceanography,  the  Chinese  kept  pace  with  the  rest  of  the 
world.  Perhaps  the  most  obvious  example  is  aquaculture, 
where  the  Chinese  have  led  the  world  in  both  research 
and  development  for  centuries.  After  his  1978  trip  to 
China,  John  Ryther  of  the  Woods  Hole  Oceanographic 
Institution  raised  his  estimate  of  the  worldwide 
aquaculture  production  by  an  order  of  magnitude,  so 
great  is  the  development  of  this  technology  in  China  (see 
Oceanus,  Vol.  22,  No.  1). 


At  present,  the  world  rivers  annually  contribute  72  fo  73  billion  tons  of  suspended  sediment  to  the  oceans.  Of  this  amount, 
the  Chinese  rivers  discharge  about  2  billion,  or  more  than  75  percent  of  the  world  total.  The  numbers  refer  to  the  annual 
tonnage  of  sediment  discharged  from  various  large  drainage  basins  and  the  arrows  show  the  relative  importance.  (From 
j.D.  Milliman  and  R.H.  Meade,  in  preparation) 


understand  the  causal  processes.  When  one 
considers  that  their  sciences  were  delayed  for  more 
than  10  years  by  the  Cultural  Revolution,  their 
achievements  are  noteworthy. 

This  is  not  to  say  that  all  is  smooth  in  Chinese 
marine  sciences.  The  acquisition  and  storage  of  data 
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Comparison  of  the  present-day  configuration  of  the 
eastern  Chinese  coastline  with  that  during  the  Zhou 
Dynasty  (770-447  B.C. --dotted  lines).  By  using  ancient 
maps,  Chinese  scientists  (Ren  Mei-O  and  Tseng  Chen-Kai, 
in  this  instance)  can  document  evolution  of  coastal 
features  during  the  last  4,000  years.  The  bathymetric 
contours  are  modified  (slightly)  from  the  bathymetric  chart 
of  the  East  China  Sea  mentioned  in  this  article. 


tend  to  be  compartmentalized.  Measurements  of  a 
single  phenomenon  (be  it  tides,  sediments,  or  river 
flow)  sometimes  are  taken  by  more  than  one  agency 
without  the  knowledge  of  other  agencies.  Thus  one 
might  need  to  contact  any  number  of  separate 
offices  in  order  to  get  a  complete  picture  of 
available  data.  Moreover,  the  duplication  of  effort 
often  means  that  a  number  of  scientists  at  different 
institutions  may  be  studying  the  same  or  similar 
questions  without  being  aware  of  one  another.  As 
Chinese  society  opens  up,  such  duplication  should 
decrease. 

Changing  Attitudes 

The  relaxation  of  tensions  and  the  increasing  sense 
of  cooperation  between  the  West  and  the  Chinese 
have  been  rapid.  When  the  U.S.  delegation  visited 
the  Hangzhou  NBO  laboratory  in  1978,  it  was  told  of 
the  existence  of  a  bathymetric  chart  of  the  East 
China  Sea,  but  not  shown  it.  One  year  later,  when  a 
National  Oceanic  and  Atmospheric  Administration 
(NOAA)-sponsored  delegation  visited  the  same  lab, 
not  only  did  the  American  delegates  see  the  chart, 
but  each  received  a  copy  of  it,  to  use  as  he  pleased. 

When  planning  our  first  cruise  off  China  in 
early  1980,  we  often  had  difficulty  reaching 
complete  agreement  on  any  topic.  Scientists  from 
both  countries  seemed  a  bit  chauvinistic  and 
stubborn.  It  was  only  after  long  hours  of  negotiating 
mutually  unsatisfactory  compromises  that  a  final 
agreement  was  reached  on  the  1980  field  program. 
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Chinese  are  excellent 
hosts  and  take  every 
opportunity  to  tell  their 
visitors  about  their 
research  and  the 
oceanographic 
environment.  The 
specimens  shown  here 
were  collected  from  the 
neighboring  locality  that 
very  morning,  and 
discussed  by  Jin  Qin  Ming 
of  the  2nd  Institute  of 
Oceanography. 


Less  than  a  year  later,  after  working  together  both  at 
sea  and  in  the  laboratory,  the  same  scientists  were 
able  to  discuss  both  the  1980  cruise  results  and  the 
plans  for  forthcoming  cruises  in  a  far  more  relaxed 
and  rational  manner.  In  contrast  to  a  year  earlier, 
agreement  on  all  topics  was  nearly  complete. 
Presumably  further  close  interactions  between  the 
two  countries  will  only  heighten  the  feeling  of 
cooperation  and  good  will. 

The  Future 

China  offers  a  number  of  exciting  avenues  of 
research  to  Western  oceanographers,  particularly 
in  light  of  the  general  inaccessibility  to  Chinese  seas 
for  the  last  30  years.  There  are  several  types  of 
research  programs  worth  noting:  the  rivers  draining 
the  Chinese  mainland  carry  more  than  2  billion  tons 
of  sediment  annually  (about  1 .5  billion  by  the 
Yellow  and  Yangtse  rivers  alone),  an  amount  only 
slightly  less  than  that  carried  by  all  the  rivers 
draining  North  and  South  America.  The  types  of 
estuaries  associated  with  the  largest  Chinese  rivers 
are  very  different  from  each  other  and  special  in  the 
world.  The  fate  of  the  riverine  sediment  when  it 
reaches  the  ocean  is  of  obvious  interest  both  to 
oceanographers  interested  in  documenting  the 
effect  of  rapid  sedimentation  on  the  marine 
environment  and  to  geologists  studying  ancient 
river  deltas.  The  large  influx  of  fresh  water  can  be 
traced  as  far  afield  as  northern  Japan,  and  thus  can 
be  used  as  a  valuable  tracer  of  oceanic  circulation. 
The  wide  continental  shelf  of  the  East  China  and 
Yellow  Seas  is  unique  in  the  modern  environment, 
reminiscent  of  the  broad  epicontinental  seas  that 
were  common  during  Paleozoic  and  Mesozoic 
times.  Finally,  aquaculture,  as  mentioned 
previously,  is  highly  developed  in  China,  and  offers 
an  excellent  opportunity  for  study  by  interested 
biologists. 


At  present,  this  writer  is  aware  of  two 
ongoing  cooperative  programs  between  China  and 
the  United  States.  One  is  between  the  Ministry  of 
Geology  in  China  and  the  Lamont-Doherty 
Geological  Observatory  in  New  York,  and  concerns 
the  structure  and  development  of  the  continental 
margin  in  the  South  China  Sea.  The  potential  for 
petroleum  reserves  in  this  area  seems  to  be  the 
main  driving  force  behind  the  program.  The  other 
cooperative  study,  by  NOAA  and  NBO,  focuses  on 
the  sediment  dynamics  in  the  East  China  Sea  and 
neighboring  Yangtse  River  estuary.  In  this  program, 
American  scientists  are  interested  in  documenting 
sediment  processes  in  zones  of  high  sediment 
accumulation,  while  the  Chinese  are  also  interested 


Hydraulic  models  of  the  Yangtse  estuary  are  necessary  to 
understand  the  siltation  problems  that  can  severely 
hamper  navigation.  A  scale  model  of  the  Yangtse  was 
constructed  at  Shanghai  Normal  University  in  a  swimming 
pool  normally  used  by  students.  Presumably,  the  model 
was  removed  before  hot  weather  returned  the  following 
summer. 


The  Great  Wall  of  China, 
more  than  3,000 
kilometers  long,  is  the 
only  man-made  structure 
visible  from  outer  space. 
Yet  the  volume  of 
sediment  carried  by 
Chinese  rivers  equals 
nearly  four  such  great 
walls. 


in  technologic  and  scientific  training  and 
exchange.* 

Some  American  scientists  are  reluctant  to 
work  with  the  Chinese,  remembering  that  the 
cooperative  programs  with  the  Russians  in  the  early 
1970s  often  turned  into  one-way  streets,  with  the 
United  States  supplying  most  of  the  reliable  data 
and  technology.  Enthusiasm  in  the  United  States  for 
continued  oceanographic  cooperation  with  the 
Soviet  Union  seemed  to  ebb  even  before  the  recent 
increase  in  political  tensions.  By  contrast,  the 
Chinese  are  far  more  open  to  the  exchange  of  ideas 
and  data  and  are  anxious  to  make  sure  that  the 
research  programs  are  truly  cooperative.  Assuming 
political  relations  remain  as  they  are,  one  could 
envision  increased  scientific  cooperation  between 
China  and  the  United  States. 

Unfortunately,  one  limiting  factor  in  future 
cooperative  research  may  be  the  inability  of  U.S. 
funding  agencies  to  support  such  programs.  NOAA 
is  funding  the  U.S.  side  of  the  NOAA-NBO  program, 
but  in  terms  of  total  dollars,  the  amount  is  relatively 
small.  The  Office  of  Naval  Research  (ONR)  is 


*A  more  complete  discussion  of  this  program  appears  in 
the  January  1981  issue  of  Natural  History. 


funding  some  research,  but  the  amount  of  actual 
support  is  even  smaller.  The  National  Science 
Foundation  (NSF)  has  budgeted  $5  million  annually 
for  U.S. -China  cooperative  programs,  but  because 
of  NOAA's  funding  of  the  NOAA-NBO  program, 
NSF  does  not  include  oceanography  within  this 
budget.  As  research  dollars  become  tighter  under 
the  present  administration,  funding  for  Chinese 
research  may  become  even  more  difficult  to  find. 

At  the  same  time,  it  is  not  entirely  certain  that 
China  will  continue  to  expand  its  contacts  and 
programs  with  the  West  at  the  pace  of  recent  years. 
At  some  point,  China  will  need  to  slow  its  rate  of 
"open-door"  policy  and  reevaluate  where  it  stands. 
It  is  entirely  possible  that  many  existing  contracts 
and  programs  will  be  canceled,  shortened,  or 
allowed  to  die  a  natural  death.  Possibly  only  those 
programs  which  have  the  greatest  possible 
economic  benefit  will  be  favored.  In  oceanography, 
this  may  mean  that  geological  studies  related  to  oil 
exploration  and  biological  studies  in  aquaculture 
and  fisheries  may  gain  preference. 

John  D.  Milliman  is  an  Associate  Scientist  in  the 
Department  of  Geology  and  Geophysics  at  the  Woods 
Hole  Oceanographic  Institution. 
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Linking  Oceanography 
to  Prehistoric  Archaeology 


by  David  R.  Walters 


IVlarine  archaeology!  Underwater  archaeology! 
Nautical  archaeology!  Such  phrases  conjure  up 
images  to  the  public  of  treasure-laden  Spanish 
galleons  sunk  in  the  Gulf  of  Mexico,  or  Minoan, 
Phoenician,  or  Greek  galleys  lying  on  the  floor  of 
the  Mediterranean  Sea,  or  perhaps  the  fabled  isles 
of  Atlantis  and  Mu.  Marine  archaeology,  a  young 
field  barely  a  quarter-century  old,  has  focused  its 
attention  in  large  part  on  historic  shipwrecks  or 
related  nautical  installations,  such  as  harborworks 
(Muckelroy,  1980).  Archaeologists  working  in 
aqueous  environments,  whether  brackish,  salt,  or 
fresh  water,  use  similar  methods  and  the  same 
exacting  standards  developed  for  surveying  and 
excavating  cultural  materials  on  land.  The 
importance  of  observations  made,  data  gathered, 
and  knowledge  gained  in  such  meticulous 


Above,  engraving  by  Theodor  de  Bry,  1590. 


undertakings  places  underwater  archaeology  a 
virtual  quantum  leap  away  from  treasure  salvaging. 
Archaeologists  have  pursued  another  line  of 
research  that  has  been  overlooked  by  the  public  in 
the  light  of  articles  about  spectacular  shipwreck 
finds.  This  line  of  research  investigates 
relationships  between  oceanography  and 
prehistoric  archaeology. 

Research  Trends 

Two  somewhat  different  research  trends  have 
evolved  within  the  broader  context  of 
oceanographic  relationships  to  prehistoric 
archaeology.  The  first  trend  involves  examination  of 
the  archaeological  record  for  indications  of  the 
interactions  between  prehistoric  human 
populations  and  the  oceans.  The  second 
investigates  marine  processes  that  affect  the 
archaeological  record  (Figure  1).  No  generally 
accepted  label  has  come  about  that  fully 
encompasses  all  aspects  of  these  trends,  although 
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AREAS    OF     INVESTIGATION 


coastal  regions 

paleoenvironments 

ecosystems      (biotic   communities 

3  abiotic  habitats) 
seasonal   availability    of   resources 
procurement   strategies 
exploitative   technologies   &   artifacts 
settlement    patterns 
exchange  systems 
demography 

migration    and    colonization 
others 


geological    oceanography 

(tectonism,  volcanism) 
physical    oceanography 

(waves,  currents) 
chemical    oceanography 

(solubility,  decomposition) 
biological  oceanography 

(destructive   organisms) 
sedimentation 
coastal    dynamics 
sea  level   fluctuations 
others 


RESEARCH   TRENDS 


FOCUS    OF    STUDY 


"maritime    adaptations" 
(prehistoric    peoples' 
interactions   with   the   ocean) 


"post-depositional   history" 
(marine    processes    affecting 
the    archaeological   record) 


links   between 
oceanography 
and    prehistoric 
archaeology 


Figure  7.  Current  links  between  oceanography  and  prehistoric  archaeology  occur  at  two  levels:  first-order  links  (research 
trends)  and  second-order  links  (specific  areas  of  investigation).  Second-order  links  contain  many  interrelating  elements, 
although  they  are  shown  here  separately.  Primary  links  (research  trends)  also  are  interrelated.  For  example,  marine 
processes  can  destroy  cultural  materials  in  archaeological  sites,  and  therefore  maritime  adaptation  models  must  take  these 
biases  into  account. 


maritime  or  marine  archaeology  is  sometimes  used 
in  this  sense.  Another  conceivable  candidate  - 
oceanoarchaeology  —  seems  too  unwieldy  to  gain 
wide  acceptance,  although  precedents  exist  in  such 
compound  words  as  geoarchaeology  and 
zooarchaeology. 

The  principal  geographic  domain  of  these 
investigations  is  the  world's  coastal  regions, 
including  those  of  islands  as  well  as  continents. 
Sites  in  coastal  regions  have  been  studied  for  many 
years.  The  Danish  archaeologist  Worsaae  excavated 
"kitchen-middens"  (mollusk-shell  mounds  with 
associated  artifacts,  now  called  shellmiddens)  on 
Jutland  peninsula  in  the  mid-19th  century. 
Archaeological  research  in  coastal  regions  has 
burgeoned  recently  in  response  to  factors  that 
developed  inside  and  outside  the  discipline  of 
anthropology.  Recognition  of  the  importance  of  the 
concept  of  adaptation  for  cultural  evolution  and 
adoption  of  ecological  perspectives  in  prehistoric 
archaeology  (Butzer,  1971)  were  particularly 
significant  factors. 


Adaptations  in  Coastal  Regions 

Prehistoric  peoples  inhabited  coastal  regions  on 
many  minor  and  all  major  landmasses  (except 
Antarctica)  and  developed  behavioral  patterns  or 
strategies  while  occupying  polar,  temperate,  and 
tropical  zones.  Anthropologists  use  the  term 
cultural  adaptation  (sometimes  behavioral 
adaptation)  to  encompass  these  strategies.  In 
coastal  regions,  such  behavioral  strategies  have 
been  designated  maritime  (Casteel  and  Quimby, 
1975),  coastal  (Stark  and  Voorhies,  1978),  or  cultural 
(Kirch,  1980)  adaptations. 

Coastal  regions,  at  the  interface  of  land,  sea, 
and  air,  contained  in  the  past,  as  they  do  today,  a 
great  diversity  of  ecosystems.  The  range  of  possible 
interactions  between  human  populations  and  the 
marine  and  estuarine  environments  is  enormous, 
yet  it  constitutes  but  a  part  of  the  whole  because 
coastal-dwelling  peoples  also  interacted  with  biotic 
communities  and  abiotic  habitats  in  terrestrial  and 
freshwater  environments.  To  begin  to  understand 
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the  cultural  adaptations  developed  by  prehistoric 
peoples,  one  must  have  an  appreciation  of  the 
environmental  circumstances  to  which  those 
populations  adapted.  Consequently,  determination 
of  the  "paleoecology"  or  "paleoenvironments"  of  a 
coastal  region  has  become  increasingly  important 
to  archaeologists. 

The  archaeological  record  is  never  complete 
because  destructive  agents  (such  as  erosional 
processes,  saprophagous*  microorganisms,  and 
chemical  weathering,  to  mention  a  few)  begin  to 
operate  on  cultural  materials  as  soon  as  they  are 
deposited.  The  presence  of  a  certain  resource  at  a 
site  generally  is  an  acceptable  indication  that  it  was 
used.  Yet,  its  absence  does  not  mean  that  it  was  not 
used;  it  simply  may  not  have  been  preserved. 
Generally,  durable  materials  (shell,  bone,  rock, 
ceramics)  far  outnumber  those  which  are  less  sturdy 
(wood,  hides,  cordage,  flesh).  Biases  in  the 
archaeological  record  are  not  limited  to  those 
produced  by  destructive  agents.  Humans  introduce 
biases  through  such  things  as  resource  processing 
techniques.  For  example,  if  mollusks  were  shucked 
or  fish  were  filleted  near  their  points  of  capture  and 
only  the  flesh  to  be  consumed  was  taken  to  a  camp, 
then  the  archaeological  record  at  the  campsite 
probably  would  not  reveal  tangible  evidence  of 
exploitation  of  either  resource  (although  fish  scales 
might  remain). 

Procurement  strategies  and  exploitative 
technologies  are  two  aspects  of  archaeological 

*Feeding  on  decaying  matter. 


research  in  coastal  regions  that  are  illustrative  of 
human  interactions  with  the  ocean.  Both  are 
considered  to  be  facets  of  maritime  adaptations. 

The  p h rase procurem en t pa ttern  has  gained 
popularity  with  archaeologists  because,  unlike 
subsistence  pattern,  it  implies  a  broader  range  of 
exploitable  resources  beyond  basic  food 
necessities.  These  include  living  organisms  from 
biotic  communities  and  nonliving  components 
from  abiotic  habitats.  Human  populations  in  coastal 
regions  practiced  broad-spectrum  procurement  by 
extracting  resources  from  many  environments.  Yet 
humans  did  not  make  use  of  all  potential  resources 
of  any  given  environment  but  instead  exploited  only 
a  portion  of  its  usable  materials.  Cultural 
preferences  certainly  were  important  factors  in 
such  decisions.  (We  manifest  the  same  behavior 
today  in  American  society  when  potentially 
consumable  items  —  horse  or  dog  flesh  —  are  rarely 
eaten.) 

Use  of  a  resource  was  not  necessarily 
restricted  to  either  the  subsistence  or 
nonsubsistence  mode.  In  the  West  Indies,  the 
queen  conch,  Strombus  g/gas,  furnished  not  only 
food  but  also  raw  material  for  implements  called 
celts  or  adzes  (Figures  2  and  3).  Prehistoric 
Polynesians  developed  an  elaborate  array  of  fishing 
gear,  including  fishhooks  and  gorges  made  from 
shell.  Mollusks  have  been  used  for  ornamental  and 
ceremonial  purposes,  as  mediums  of  exchange,  and 
as  displays  of  wealth.  They  were  widely  exchanged, 
as  shown  by  the  presence  of  Gulf  of  Mexico  shells  in 
Hopewell  sites  in  Ohio  and  by  Strombus  and 


Figure  2.  Marine 
gastropods  found  in 
Antillean  archaeological 
sites:  (A)  Strombus  gigas 
(queen  conch),  (B)  Cassis 
sp.  (helmet  shell),  (C) 
Charonia  variegata 
(trumpet  triton),  (D) 
Cittarium  pica  (West 
Indian  top-shell).  The 
holes  in  the  shells 
presumably  facilitated 
extraction  of  the  animal. 
Inferences  regarding  the 
biotopes  exploited  by 
human  populations  can  be 
made  on  the  basis  of 
differing  habitats  preferred 
by  some  of  these  species. 
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Figure  3.  Marine  resources 
used  as  tools  by 
prehistoric  Antilleans: 
(A-D)  heavily  worn  coral 
fragments  used  in  grating, 
grinding,  scraping,  and 
perhaps  fish  scaling,  (E-F) 
coral  nodules  with  distinct 
grooves  possibly  worn 
through  the  straightening 
of  shafts,  (G-l)  celts  or 
adzes  made  from  the  outer 
lip  of  the  body  whorl  of 
Strombus  gigas. 


Spondylus  shells  from  the  Peruvian  coast  at  sites  in 
the  Andes  mountains.  Other  marine  resources 
found  in  archaeological  sites  include  sharks'  teeth, 
stingray  spines,  and  coral.  Marine  mammal  hides 
and  bones  provided  useful  raw  materials  that  were 
otherwise  lacking  in  polar  regions.  Salt  was  another 
widely  exchanged  commodity. 

Marine  fish  remains  are  a  major  indication  of 
interaction  with  the  ocean  (Casteel,  1976).  Elizabeth 
Wing  of  the  Florida  State  Museum  pioneered  study 
of  coastal  sites  throughout  the  Americas  that 
provides  examples  oft  he  kinds  of  information  that 
can  be  derived  from  vertebrate  remains.  These 
include  identification  of  represented  taxa, 
determination  of  minimum  numbers  of  individuals 
(MNI)  by  species,  estimates  of  biomass  and  usable 
meat,  and  continuity  or  change  in  species 
representation  and  proportion  through  time. 

Wing  also  assigns  to  a  "preferred  habitat" 
(for  example,  pelagic,  deep  reef,  shallow  reef, 
brackish)  each  marine  species  identified  in 
archaeological  sites.  This  procedure  permits 
calculation  of  each  habitat's  percentage  of  the  total 
based  on  either  MNI  or  biomass.  This  has  led  to 
some  interesting  findings.  Using  MNI  data,  Wing 
found  that  at  the  Sugar  Factory  Pier  site,  St.  Kitts, 
West  Indies,  pelagic  species  accounted  for  31 
percent  in  an  earlier  occupation  and  almost  50 
percent  in  a  later  one.  At  the  Mill  Reef  site  on 
Antigua  (about  100  kilometers  from  St.  Kitts),  almost 
75  percent  of  the  species  were  reef-dwelling  fishes. 
No  pelagic  fishes  were  identified.  Such  reliance  on 
protein  from  the  sea  is  not  uncommon  in  small 
oceanic  islands  where  terrestrial  animal 
populations  are  often  impoverished. 


Whether  prehistoric  peoples  exploited  a 
particular  resource  was  dependent  on  many  factors. 
Even  if  a  resource  is  discovered,  this  does  not 
necessarily  mean  that  it  can  be  acquired.  Moreover, 
different  methods  of  acquisition  are  required  for 
different  kinds  of  resources.  Locating  nonliving 
resources  may  be  relatively  easy,  but  acquiring 
them  (for  example,  quarry  rock)  may  not  be. 
Gathering  mollusks  or  other  sessile  or  sedentary 
organisms  along  a  shoreline,  called  strandlooping, 
generally  is  a  simple  endeavor,  requiring  few  tools. 
Finding  and  capturing  mobile  creatures  can  be 
more  difficult  and  involve  increasingly 
sophisticated  technologies.  This  led  to  a  variety  of 
fishing  gear,  including  grappling  implements  (such 
as  spears  and  tongs),  lines,  traps,  and  nets  (Brandt, 
1972).  Exploitation  of  finfish,  shellfish,  crustaceans, 
or  marine  mammals  depended  not  only  on  their 
occurrence  in  accessible  habitats  but  also  on  the 
ability  of  humans  to  effect  their  capture. 
Technological  innovations,  including  development 
of  watercraft,  permitted  the  acquisition  of  species  in 
habitats  that  previously  had  been  inaccessible. 

Unfortunately,  not  all  kinds  of  fishing  gear 
are  preserved  in  archaeological  sites.  Items  such  as 
fishhooks,  gorges,  harpoon  heads,  and  net  sinkers 
often  remain,  but  cordage  from  nets  or  lines  is  rare. 
Archaeologists  have  inferred  certain  exploitative 
technologies  on  the  basis  of  particular  species 
found  in  sites.  For  example,  demersal  fish 
inhabiting  deeper  water  can  be  caught  only  by 
certain  techniques.  In  some  areas  of  the  world, 
especially  Oceania,  ethnohistoricand  ethnographic 
observations  indicate  that  current  fishing  methods 
use  gear  similar  to  that  found  archaeologically.  This 
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has  been  interpreted  as  evidence  that  similar  fishing 
methods  occurred  in  the  past.  The  diversity  of 
fishing  gear  and  range  of  methods  used  by 
prehistoric  peoples  in  the  Pacific  region  to  exploit 
marine  organisms  are  extraordinary  (Reinman, 
1967). 

In  several  areas  of  the  world  people  used 
large  stationary  traps  or  weirs  made  from  wood, 
stone,  or  coral.  These  traps  were  a  particularly 
interesting  innovation  because  they  functioned  not 
only  in  capturing  prey  but  also  in  retaining  or 
penning  it  until  needed.  This  reduced  search  time, 
decreased  the  opportunistic  aspect  of  fishing,  and 
ensured  a  more  readily  available  or  constant  supply. 
It  could  be  regarded  as  an  incipient  form  of  fishery 
management. 

Archaeologists  study  other  aspects  of 
procurement  strategies.  Ethnoarchaeological 
research  involves  observations  of  the  biotic  zones 
or  biotopes  exploited  by  currently  living 
populations.  Others  are  investigating  means  of 
determining  seasonality  among  marine  species 
found  in  archaeological  sites.  The  seasonal  nature 
of  certain  living  resources  and  the  concomitant 
scheduling  of  their  exploitation  by  humans  are 
verified  by  ethnohistorically  documented  cases  of 
interior-coastal  migrations.  Similar  movements 
must  have  occurred  prehistorically,  but  detecting 
them  in  the  archaeological  record  is  difficult. 

Other  facets  of  maritime  adaptations  also 
illustrate  human  interaction  with  the  ocean. 
Habitation  sites  frequently  are  located  near 
biotically  diverse  areas,  such  as  lagoons  or 
estuaries.  Whether  proximity  to  marine  or  estuarine 
resources  always  was  a  major  consideration  in 
locating  settlements  in  coastal  regions  is  uncertain, 
although  it  certainly  was  in  some  cases.  In  other 
instances,  quite  different  factors  (such  as  cultivable 
land  for  agriculturalists)  may  have  been  equally  or 
even  more  important  than  proximity  to  marine 
resources.  Archaeologists  also  are  studying 
relationships  between  maritime  adaptations  and 
cultural  evolution.  Indeed,  at  least  one  author 
(Moseley,  1975)  argued  for  the  maritime  foundation 
of  Andean  civilization,  a  foundation  that  he 
contends  was  developed  thousands  of  years  earlier 
by  prehistoric  peoples  in  the  coastal  region. 

Marine  Processes  and  the  Archaeological  Record 

The  second  research  trend  is  somewhat  more 
directly  concerned  with  relationships  between 
oceanography  and  archaeology  because  it  involves 
study  of  the  impact  of  marine  processes  on  the 
archaeological  record.  This  trend  focuses  on 
archaeological  remains  in  their  own  right,  whereas 
the  first  trend  uses  those  same  remains  and  their 
contexts  to  infer  various  aspects  of  adaptations 
developed  by  prehistoric  peoples. 

It  previously  was  noted  that  many  processes 
begin  affecting  cultural  materials  almost  as  soon  as 


they  are  deposited.  Reduction  in  artifact  inventory 
may  be  gradual  or  rapid  but  is  nevertheless 
continuous.  For  sites  in  coastal  regions,  these 
processes  may  occur  sequentially  in  the  subaerial, 
subterranean,  and  submarine  provinces.  They  can 
affect  not  only  the  cultural  materials  but  also  the 
composition  of  the  site  and  broader  areal 
relationships  between  sites  and  surrounding 
environments.  Such  post-depositional  events 
occurring  in  abandoned  sites  introduce  further 
biases  into  the  archaeological  record.  In  a 
worst-case  scenario,  the  site's  contexts  and  integrity 
may  be  so  disrupted  and  the  artifact  inventory  so 
reduced  or  scattered  that  in  essence  the  site  no 
longer  exists  or  at  least  is  not  discernible  as  such. 
Moreover,  the  difficulty  of  determining  the 
paleoenvironments  existent  at  the  time  the  site  was 
inhabited  is  increased  because  these  marine 
processes  are  not  limited  to  sites  or  artifacts  but 
also  affect  surrounding  biotic  communities  and 
abiotic  habitats. 

Of  all  the  potential  links  between 
oceanography  and  archaeology,  the  implications  of 
fluctuating  sea  levels  have  probably  garnered  the 
most  attention,  at  least  within  the  last  15  or  so  years. 
A  few  archaeologists  (such  asGoggin,  1960;  Salwen, 
1962)  understood  the  importance  of  these 
relationships  at  a  somewhat  earlier  date,  yet  it  was  a 
series  of  articles  by  oceanographers  (for  example, 
Emery  and  Edwards,  1966)  that  really  brought  the 
magnitude  of  the  issue  to  the  attention  of  the 
archaeological  community.  Archaeologists  have 
become  aware,  on  a  theoretical  level,  of  the 
implications  of  changing  sea  levels  and  attendant 
emergence  and  submergence  of  coastal  regions. 
Indeed,  former  models  and  interpretations  have 
been  revised  in  the  light  of  newly  acquired  data 
about  rates  of  sea-level  change  and  relative 
positions  of  land  and  sea  through  time.  Changing 
sea  levels  have  been  a  concern  to  archaeologists 
because  much  of  the  now  submerged  land  of 
continental  and  insular  shelves  was  exposed  in  the 
past  and  probably  inhabited  by  humans. 
Furthermore,  these  emergent  regions  must  have 
played  critical  roles  in  human  migration.  The 
so-called  Bering  Landbridge  between  northeast 
Asia  and  northwest  North  America,  across  which 
humans  are  thought  to  have  migrated  into  the 
Western  Hemisphere,  is  probably  the  feature  best 
known  to  the  public. 

Using  data  derived  from  sea-level  curves  to 
determine  the  location  of  former  coastlines  (and 
presumably  associated  archaeological  sites)  proved 
to  be  a  considerably  more  difficult  task  than 
archaeologists  expected.  Archaeologists  are  now 
using,  when  available,  regional  sea-level  curves  in 
place  of  worldwide,  glacio-eustatic  graphs.  Such 
curves  take  into  account  regional  events,  such  as 
tectonic  or  isostatic  actions  that  have  affected  the 
relative  position  of  land  and  sea  locally  but  do  not 
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correspond  to  global  phenomena.  Yet  the  quantity 
and  quality  of  research  on  sea-level  fluctuations  in 
different  areas  of  the  world  are  far  from  uniform. 
Some  areas  have  had  no  relevant  research  whereas 
others,  more  thoroughly  studied,  have  generated 
several  discordant  curves.  Notwithstanding  these 
problems,  archaeologists  (for  example,  Bickel, 
1978)  have  tried  to  apply  sea-level  data  to 
archaeological  site  distributions  in  a  number  of 
continental  and  insular  areas.  The  importance  of 
sea-level  curves  for  archaeology  will  increase  as 
more  refined  data  become  available  and  as  more 
areas  of  the  world  are  examined. 

Submerged  prehistoric  archaeological  sites 
have  been  found  offshore  from  present  coastlines 
in  some  areas  of  the  world.  Artifacts,  such  as  stone 
vessels,  pestles,  and  metates,*  have  been 
recovered  from  waters  along  the  southern 
California  coast  for  many  years.  The  number  of  finds 
dramatically  increased  in  the  1950s  with  the  advent 
of  scuba  equipment  and  sport  diving.  At  least  10 
hypotheses  (Hudson,  1976)  have  been  advanced  to 
account  for  the  presence  of  these  artifacts.  More 
significant,  Marshall  and  Moriarty  (1964)  reported 
the  discovery  of  a  probable  prehistoric  site  in  the 
vicinity  of  a  submerged  lagoon  near  La  Jolla.  This 
occurrence  is  fortuitous  because  the  Scripps 
Institution  of  Oceanography  is  located  there. 
Scripps  recently  instituted  a  Marine  Archaeology 
Program,  directed  by  Patricia  Masters,  to  further 
investigate  the  occurrence  and  distribution  of 
submerged  artifacts  and  larger  sites  in  the  La  jolla 
area.  The  underwater  phase  of  the  project  only 
began  recently  but  the  early  results  are  promising. 

Marine  processes  affecting  the 
archaeological  record  are  not  restricted  to  those 
associated  with  water.  Geological  processes,  such 
as  tectonism,  can  influence  the  relative  position  of 
land  and  sea  regardless  of  sea-level  fluctuation.  A 
study  by  Patrick  Kirch  of  the  Bernice  P.  Bishop 
Museum  in  Honolulu  provides  an  excellent 
example  of  the  relationship  between  geologic  uplift 
and  distribution  of  archaeological  sites.  This 
research  took  place  on  the  island  of  Niuatoputapu 
in  the  Kingdom  of  Tonga,  western  Polynesia.  Kirch 
verified  the  restricted  distribution  of  Lapita-style 
ceramics  to  an  elevated  beach  terrace  surrounding 
the  island's  central  spine.  Recently  uplifted  marine 
sediments  now  occur  seaward,  especially  to  the  east 
and  south  (Figure  4).  Uplift  has  doubled  the  size  of 
Niuatoputapu  since  initial  human  occupation  about 
1000  B.C.  Emerging  land  in  effect  thus  transferred 
the  ceramic-bearing  zone  and  the  old  shoreline 
inland  from  their  original  positions.  The  uplift  also 
modified  the  surrounding  environments  by 
reducing  the  expanse  of  exploitable  reefs  and 
lagoons  that  had  been  present  at  initial  occupation. 


*Concave  stone  slabs  used  for  grinding,  especially  maize. 
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Figure  4.  Distribution  of  Lapita-style  ceramics  at  base  of 
volcanic  spine  near  ancient  shoreline  on  island  of 
Niuatoputapu,  Kingdom  of  Tonga,  western  Polynesia. 
Uplifting  of  the  marine  sediments  seaward  from  the 
ceramic-bearing  zone  occurred  since  initial  human 
occupation  about  WOO  B.C.  The  island  has  doubled  in  size 
but  exploitable  reef  and  lagoon  habitats  have  greatly 
diminished.  (Map  adapted  from  Kirch,  1980) 

Shoreward  migration  of  a  beach  (horizontal 
beach  retreat  —  see  Oceanus,  Vol.  23,  No.  4)  can 
have  a  devastating  impact  on  archaeological  sites  by 
scattering  materials  and  exposing  them  to 
destructive  agents.  Indeed,  the  integrity  of  the  site 
may  be  completely  compromised.  However,  the 
relationship  between  beach  retreat  and  site 
preservation  is  complex  and  dependent  on  many 
factors  (for  example,  differences  in  materials  that 
make  up  the  sites,  and  variations  in  nearshore 
hydrodynamics).  On  the  other  hand,  outbuilding  or 
prograding  coasts  may  help  to  "insulate"  sites  by 
providing  buffers  against  wave  actions.  For 
example,  the  Palmetto  Point  peninsula  in  the 
southwest  corner  of  the  island  of  Barbuda  in  the 
West  Indies  is  created  by  accretion  of  sand 
transported  by  a  longshore  current  to  the 
southeast.  Through  time,  a  series  of  distinct, 
generally  parallel  beach  ridges  have  been  formed 
seaward  (Figures  5  and  6).  The  intervening  area 
between  the  sites  and  the  active  shore  has 
expanded.  Archaeological  materials  might  assist 
coastal  geomorphologists  in  determining  a  gross 
rate  of  outbuilding  in  such  cases,  if  they  originally 
were  deposited  near  the  shore,  could  be  associated 
with  specific  ridges,  and  are  capable  of  being 
accurately  dated.  In  theory,  recently  deposited 
artifacts  would  be  associated  with  progressively 
younger  beach  ridges  closer  to  the  present 
shoreline. 

Sediments  deposited  in  estuaries,  lagoons, 
marshes,  deltas,  and  other  similar  features  may  bury 
an  archaeological  site  and,  in  addition  to  protecting 
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Figure  5.  Parallel-trending  beach  ridges  on  Palmetto  Point 
peninsula,  Barbuda,  West  Indies.  They  are  composed  of 
sand  transported  by  a  longshore  current  from  the 
southeast.  Such  an  actively  prograding  coast  provides  an 
expanding  buffer  zone  between  archaeological  sites  and 
the  shoreline. 


it  from  wave  action,  may  provide  an  anaerobic 
condition  favorable  to  the  preservation  of  fragile 
materials.  An  array  of  carved  wooden  artifacts  from 
the  Key  Marco  site  in  west  Florida  was  preserved  by 
just  such  circumstances.  Peat  deposits  overlying 
archaeological  sites  may  likewise  protect  them  from 
encroaching  waves  and  from  decomposition. 

Any  number  of  marine  organisms  can 
adversely  affect  artifacts.  Items  made  from  wood  are 
susceptible  to  boring  organisms,  such  as  the  teredo 
"worm"  (Teredo  navalis).  Corals  and  other 
organisms  can  completely  encrust  an  artifact  so  that 
it  is  no  longer  discernible.  However,  preservation 
may  be  enhanced  if  the  materials  are  covered  by 
sediments  or  are  deposited  in  low-salinity  waters. 
This  is  demonstrated  by  the  excellent  state  of 
preservation  of  the  Swedish  flagship  Wasa  sunk 
near  Stockholm  in  the  17th  century.  Teredo  navalis 
cannot  exist  in  waters  with  low  salinity,  such  as 
Stockholm  harbor  and  most  of  the  Baltic  Sea,  and 
consequently  the  vessel  was  not  subject  to  its 
destructive  actions. 

Marine  processes  affect  not  only  the  contexts 
and  compositions  of  artifacts  and  sites  but  also  our 
ability  to  locate  them.  Large  quantities  of  sand  can 
be  alternately  eroded  or  deposited  on  offshore 
bottoms  through  the  actions  of  currents.  Whole 
sites  may  be  buried  during  periods  of  deposition. 
Visual  subsurface  surveys  would  overlook  such 
sites  simply  because  they  were  masked  by  the 
accumulated  sand.  This  problem  may  be  obviated  to 
some  extent  by  the  use  of  sub-bottom  profilers  or 
similar  remote-sensing  devices  that  are  capable  of 
locating  sites  beneath  accumulated  sediments. 


Figure  6.  Aerial  view 
(looking  east)  of  part  of  the 
beach  ridge  system  of 
Palmetto  Point,  Barbuda. 
Vegetation  is 
characteristically  densest 
in  the  moisture-retaining 
hollows  (darker  areas)  and 
sparsest  atop  each  ridge. 
Vegetational  cover 
decreases  toward  the 
beach  at  right.  The  wavy 
double  line  in  right  center 
of  the  photograph  is  a 
vehicle  track. 
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Not  all  marine  processes  are  necessarily 
detrimental  to  the  archaeological  record.  In  some 
instances,  they  may  even  enhance  its  preservation. 
The  circumstances  under  which  a  site  is  preserved 
or  destroyed  are  not  fully  understood.  Recent 
excavation  of  a  submerged  midden  in  the  Gulf  of 
Mexico  provides  a  useful  case  study  of  these  issues. 

A  Case  Study 

Reynold  Ruppe  (1980)  of  Arizona  State  University 
excavated  part  of  an  underwater  shellmidden  at  the 
Venice  Beach  site  off  the  west  coast  of  Florida.  The 
midden  is  located  about  15  meters  from  the 
shoreline.  The  top  of  the  midden  is  2  meters  below 
mean  sea  level.  Pottery  sherds,  burned  and 
unburned  fish  and  land  mammal  bones,  charcoal, 
pollen,  and  more  than  5,000  shells  were  recovered 
from  the  small  excavation.  The  midden  generally  is 
intact;  the  excavation  revealed  three  distinct  strata. 
For  purposes  of  comparison,  part  of  a  nearby 
midden  on  land  also  was  excavated. 

Ruppe's  research  establishes  several 
pertinent  points.  Foremost  is  the  fact  that  horizontal 
and  vertical  controls  used  in  excavating  terrestrial 
sites  can  successfully  be  employed  to  excavate 
middens  located  underwater.  The  integrity  of  the 
stratigraphic  units  can  be  maintained.  The  findings 
are  also  significant  with  respect  to  marine 
processes.  First,  encroaching  seas  apparently  did 
not  significantly  damage  the  midden.  In  fact,  the 
midden  sustained  less  damage  than  the  one  located 
on  land  where  the  top  section  had  been  leveled  off 
in  the  recent  past.  Second,  the  kinds  of  artifacts 
recovered  from  each  midden  are  comparable.  This 
suggests  that  decomposition  of  cultural  remains  in  a 
submerged  site  may  not  be  noticeably  different 
from  that  in  a  terrestrial  site.  Third,  pollen  in  the 
underwater  midden  was  better  preserved.  Fourth,  a 
charcoal  sample  from  the  inundated  midden  was 
able  to  be  radiometrically  dated.  That  sample  may 
have  been  contaminated  (as  sometimes  occurs  with 
terrestrial  samples),  however,  and  the  derived  date 
is  suspect.  At  the  submerged  midden  at  Venice 
Beach,  the  archaeological  record  does  not  appear  to 
have  been  any  more  adversely  affected  by  marine 
processes  than  was  the  land  midden  by  terrestrial 
processes.  Whether  the  findings  from  Venice  Beach 
are  more  generally  applicable  has  yet  to  be 
determined,  however. 

The  pollen  and  faunal  remains  provided 
information  about  paleoenvironments  near  the  site 
and  about  resources  used  by  its  occupants. 
Shellfish  distribution  in  the  excavation  is  especially 
interesting.  Species  preferring  higher  salinity  (for 
example,  Venus  campechiensis,  Cardita  floridana, 
Chione  cancellata)  predominate  in  the  lower  levels 
of  the  midden  but  decrease  in  the  upper  ones. 
Distribution  of  the  Ostreidae  (oyster  family)  is  in 
accord  with  the  other  dominant  species.  Ostrea 
frons,  O.  permollis,  and  O.  equestris,  which  exist  in 


more  saline  waters,  are  abundant  in  the  lower  but 
not  upper  levels.  Crassostrea  virginica,  an  oyster 
inhabiting  less  saline  waters,  predominates  in  the 
upper  levels.  Furthermore,  detailed  study  of  C. 
virginica  shells  revealed  that  they  were  collected 
only  between  April  and  November,  not  during  the 
winter  months.  The  shift  from  higher  to  lower 
saline-tolerant  species  may  reflect  a  change  in  the 
paleoecology  of  the  region.  However,  it  also  may 
mean  that  people  changed  their  food  preferences 
or  that  they  collected  mollusks  in  various  locations. 
Similarly,  the  restricted  period,  during  which  C. 
virginica  was  collected,  may  indicate  that  the 
humans  occupied  the  area  only  from  spring  to  early 
fall.  They  may  have  wintered  in  the  interior.  The 
available  data  from  the  excavation  are  not  sufficient 
to  test  these  hypotheses.  However,  the  fact  that 
such  hypotheses  could  be  formulated  in  the  first 
place,  and  can  be  tested  in  future  fieldwork,  is 
the  result  of  information  derived  from  the  mollusks 
recovered  from  the  submerged  midden. 

Connecting  Points 

As  this  article's  title  implies,  the  disciplines  of 
oceanography  and  prehistoric  archaeology  do  not 
broadly  interface  but  instead  interrelate  through  a 
series  of  connecting  points.  Primary  connections 
(research  trends)  incorporate  numerous 
second-order  links  in  the  form  of  specific  topics  of 
investigation  (Figure  1).  Elements  of  many  of  these 
topics  actually  overlap  and  interconnect  in  a 
manner  vastly  more  complex  than  shown  here. 
Future  interdisciplinary  projects  between 
oceanographers  and  prehistoric  archaeologists  will 
identify  more  secondary  links,  as  the  "others" 
category  for  each  list  (Figure  1)  implies. 

A  third  research  trend  gradually  is 
developing.  It  involves  the  use  of  oceanographic 
instruments  (such  as  underwater  cameras, 
sub-bottom  profilers,  submersible  vehicles,  and 
diver  propulsion  devices)  to  locate  archaeological 
sites  on  continental  and  insular  shelves.  So  far,  most 
of  the  research  has  been  directed  toward  detecting 
historic  archaeological  materials  (notably 
shipwrecks),  yet  it  has  equally  important  potential 
applications  for  prehistoric  archaeology.  Ruppe 
discusses  some  difficulties  involved  in  offshore 
surveys  but  also  suggests  means  of  delineating  the 
search  area,  such  as  concentrating  on  still  visible 
but  not  drowned  riverbanks. 

Archaeological  sites  contain  the  only  tangible 
remains  of  many  past  cultures.  They  are  finite, 
nonrenewable  resources.  The  unrelenting 
destruction  of  the  archaeological  record  in  coastal 
regions  is  a  vital  concern  of  archaeologists.  Yet, 
destruction  of  sites  has  increased  dramatically  as 
coastal  areas  have  been  "developed,"  and  this 
threat  is  by  no  means  diminishing.  Ironic  as  it 
seems,  archaeological  sites  that  have  withstood 
transgressing  seas,  and  now  are  relatively  safe  from 
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human  destruction  because  they  are  submerged, 
may  become  a  major  data  base  for  future 
archaeological  research  on  maritime  adaptations.  In 
this  sense,  some  marine  processes  ultimately  may 
prove  to  be  important  preservers  rather  than 
destroyers  of  the  archaeological  record  in  coastal 
regions. 

David  R.  Watters  is  a  Research  Fellow  in  the  Marine  Policy 
and  Ocean  Management  Program,  Woods  Hole 
Oceanographic  Institution. 


Selected  References 

Benson,  E.  P.,  ed.  1977.  The  sea  in  the  Pre-Columbian  world. 

Washington:  Dumbarton  Oaks  Research  Library  and 

Collections. 
Bickel,  P.  McW.  1978.  Changing  sea  levels  along  the  California 

coast:  anthropological  implications.  The  Journal  of  California 

Anthropology  5(1):  6-20. 
Brandt,  A.  von.  1972.  Fish-catching  methods  of  the  world,  rev.  ed. 

London:  Fishing  News  Books  Ltd. 
Butzer,  K.  W.  1971.  Environment  and  archaeology:  an  ecological 

approach  to  prehistory,  2nd  ed.  Chicago:  Aldine. 
Casteel,  R.  W.  1976.  Fish  remains  in  archaeology  and 

paleo-environmental studies.  London:  Academic  Press. 
Casteel,  R.  W.,  and  G.  I.  Quimby,  eds.  1975.  Maritime  adaptations 

of  the  Pacific.  The  Hague:  Mouton. 
Emery,  K.  O.,  and  R.  L.  Edwards.  1966.  Archaeological  potential  of 

the  Atlantic  continental  shelf.  American  Antiquity  31(5):  733-37. 
Coggin, ).  M.  1960.  Underwater  archaeology:  its  nature  and 

limitations.  American  Antiquity  25(3):  348-54. 
Hudson,  D.  T.  1976.  Marine  archaeology  along  the  southern 

California  coasts.  San  Diego  Museum  Papers  9. 
Kirch,  P.  V.  1980.  Polynesian  prehistory:  cultural  adaptations  in 

island  ecosystems.  American  Scientist  68(1):  39-48. 
Marshall,  N.  F.,  and  J.  R.  Moriarty.  1964.  Principles  of  underwater 

archaeology.  Pacific  Discovery  17(5):  18-25. 
Mosely,  M.  E.  1975.  The  maritime  foundations  of  Andean 

civilization.  MenloPark:  Cummings. 
Muckelroy,  K.,ed.  1980.  Archaeology  underwater:  an  atlas  of  the 

world's  submerged  sites.  New  York:  McGraw-Hill. 
Reinman,  F.  M.  1967.  Fishing:  an  aspect  of  oceanic  economy —  an 

archaeological  approach.  Fieldiana:  Anthropology  56(2). 

Chicago:  Field  Museum  of  Natural  History. 
Ruppe,  R.  J.  1980.  The  archaeology  of  drowned  terrestrial  sites:  a 

preliminary  report.  Bureau  of  Historic  Sites  and  Properties 

Bulletin  6:  35-45.  Tallahassee:  Florida  Department  of  State, 

Division  of  Archives,  History,  and  Records  Management. 
Salwen,  B.  1962.  Sea  levels  and  archaeology  in  the  Long  Island 

Sound  area.  American  Antiquity  28(1):  46-55. 
Stark,  B.  L.,  and  B.  Voorhies,  eds.  1978.  Prehistoric  coastal 

adaptations:  the  economy  and  ecology  of  maritime  Middle 

America.  New  York:  Academic  Press. 
Wing,  E.,andA.  B.  Brown.  1 980.  Paleonutrition:  method  and  theory 

in  prehistoric  foodways.  New  York:  Academic  Press. 


Special  Student  Rate! 

We  remind  you  that  students  at  all  levels  can 
enter  or  renew  subscriptions  at  the  rate  of  $10 
for  one  year,  a  saving  of  $5.  This  special  rate  is 
available  through  application  to: 
Oceanus,  Woods  Hole  Oceanographic 
Institution,  Woods  Hole,  Mass.  02543. 


Attention  Teachers! 

We  offer  a  40  percent  discount  on  bulk  orders 
of  five  or  more  copies  of  each  cu  rrent  issue  - 
or  only  $2 .25  a  copy.  The  same  discount  applies 
to  one-year  subscriptions  for  class  adoption  ($9 
per  subscription).  Teachers'  orders  should  be 
sent  to  our  editorial  office  at  the  address  listed 
at  left,  accompanied  by  a  check  payable  to 
Woods  Hole  Oceanographic  Institution. 


19 


The  Panamanian 

Sea-Level  Canal 


Cutting  the  canal  at  Panama.  The  Bettmann  Archive. 


by  Thomas  M.  Leschine 


• 


'V 


i 


Sfc 


/\t  a  meeting  in  Tokyo  in  March  1980,  the  Japanese 
and  Panamanian  governments  announced  that  they 
had  formed  a  partnership  to  study  the  feasibility  of 
building  a  new  canal  in  Panama.  If  built,  the  new 
canal,  a  wider  and  lockless  sea-level  alternative  to 
the  present  canal,  would  probably  follow  a  route 
selected  a  decade  earlier  by  a  United  States  study 
commission.  In  an  interview,  Shigeo  Nagano,  the 
president  of  the  Japan  Chamber  of  Commerce  and 
Industry,  explained  his  country's  decision  by  citing 
the  declining  ability  of  the  present  canal  to  handle 
the  larger  vessels  in  the  world  shipping  fleet.  He 
stated  that  Japan  needed  to  develop  new  shipping 


routes  and  supply  sources  for  oil,  coal,  grain,  and 
strategic  raw  materials.  Pointing  to  the  large 
economic  and  military  benefits  the  project  could 
have  for  the  United  States,  Nagano  invited  the  U.S. 
government  to  join  the  venture,  which  will  begin 
with  a  three-  to  five-year  feasibility  study.  The  entire 
project,  he  said,  would  cost  $20  billion  and  take  15 
years  to  complete. 

Thus  a  century  after  the  first  shovelful  of 
Panamanian  soil  was  overturned  for  the  purpose  of 
creating  a  waterway  through  the  Americas,  plans 
were  being  laid  for  an  ambitious  new  venture  on  the 
Panamanian  isthmus.  The  intervening  century  had 
seen  many  plans  to  reconstruct  or  replace  the 
Panama  Canal  come  and  go.  To  some,  the  more 
important  message  this  time  lay  in  who  the  planners 
were  than  in  the  plans  themselves.  The  fact  that 
such  an  announcement  could  be  made  by  a  foreign 
nation  was  testimony  to  how  great  the  changes  were 
that  had  taken  place  during  the  1970s  in  America's 
dealings  with  the  rest  of  the  world,  perhaps 
symbolized  no  better  by  any  single  event  than  by 
the  ratification  of  the  Panama  Canal  Treaties  in  1978. 

To  others,  the  announcement  recalled  trends 
of  a  different  kind  during  the  last  decade,  the  period 
when  the  Panama  Canal  came  of  age  as  an 
environmental  issue.  Nagano's  words  brought  to 
mind  the  most  recent  attempt  to  place  a  sea-level 
canal  across  the  Panamanian  isthmus  and  suggested 
that  a  new  chapter  might  be  written  in  that  story  as 
well.  A  decade  ago  the  sea-level  canal  question  had 
erupted  into  one  of  marine  science's  largest  public 
controversies.  The  issues  raised  then,  still  largely 
unresolved,  go  to  the  heart  of  the  troublesome 
questions  of  what  course  of  action  scientists  should 
recommend  —  and  what  levels  of  prediction  are 
possible  —  in  the  face  of  uncertainty,  and  what  is 
acceptable  risk. 

A  History  of  the  Panama  Canal 

Few  feats  of  engineering  have  gripped  the  public 
imagination  as  completely,  or  held  its  attention  as 
long,  as  the  project  of  building  a  canal  across  the 
isthmus  of  Panama.  The  idea's  development  was 
nearly  simultaneous  with  the  first  penetration  by 
Western  Europeans  of  the  isthmus  itself,  made  by 
Balboa  in  1513.  The  obvious  value  to  commerce  of 
shipping  routes  across  the  isthmus  was 
overwhelming.  The  first  survey  to  identify  feasible 
routes  for  a  canal  was  commissioned  not  by  the 
United  States  or  France,  the  nations  that  produced 
the  legendary  designers  and  builders  of  the  present 
canal,  but  by  Spain  —  in  1529! 

The  Panama  Canal  was  opened  in  1914;  its 
construction  was  an  event  of  epic  proportions  even 
by  modern  standards;  it  commanded  the  attention 
of  the  developed  world  at  the  time.  The  project 
started  by  the  United  States  in  1905  was  actually  the 
resumption  of  an  effort  begun  as  a  private  venture 
by  a  French  group  led  by  Ferdinand  de  Lesseps,  the 
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famed  builder  of  the  Suez  Canal.  The  French 
abandoned  their  project  after  10  years,  defeated  by 
rising  costs,  unforeseen  engineering  problems,  and 
yellow  fever.  It  was  a  French  engineer,  Adolphe 
Godin  de  Lepinay,  however,  who  conceived  the 
plan  that  the  U.S.  government  later  adopted  and 
successfully  executed.  De  Lepinay  saw  that  by 
building  inland  dams  at  either  side  of  the  isthmus 
fresh  water  could  be  impounded  to  form  an  inland 
sea,  requiring  relatively  short  sections  of  canal 
proper  to  connect  its  pieces.  Locks  at  either  end  of 
the  canal/lake  system  could  then  be  used  to  move 
transiting  ships  from  sea  level  to  the  lakes  (about  85 
feet  above  mean  sea  level)  and  back  again.  The  idea 
is  now  regarded  as  one  of  brilliant  simplicity;  the 
French  builders,  who  ignored  it  at  first,  shifted  their 
tactics  to  accommodate  it  at  the  end  of  their  failing 
venture. 

In  the  early  1900s,  the  United  States  tried 
unsuccessfully  to  negotiate  a  treaty  with  Colombia 
for  the  rights  to  build  a  canal  through  Panama, 
which  was  then  a  Colombian  province.  It  was  not 
until  after  the  revolt  and  secession  of  Panama  from 
Colombia,  brought  about  by  the  canal  issue,  that 
the  way  was  cleared  for  the  U.S.  project  to  begin. 

The  decision  to  pursue  the  locks  canal  idea 
instead  of  a  sea-level  option  came  in  1906,  after  a 
hard-fought  battle  in  the  U.S.  Congress.  The 
persuasive  arguments  of  the  canal  project's  chief 
engineer,  John  F.  Stevens,  who  was  concerned  that 
massive  landslides  could  result  from  the  extensive 
digging  a  sea-level  route  would  require,  and  the 
strong  support  of  President  Theodore  Roosevelt 
prevailed  over  otherwise  split  opinion.  In  a  letter  to 
the  U.S.  Congress  dated  February  19, 1906, 
Roosevelt  summarized  the  relative  advantages  of 
each  option  in  casting  his  vote  for  the  locks  canal. 
He  saw  the  sea-level  canal  as  offering  less 
vulnerability  to  interruption  in  the  event  of  war, 
lower  operating  expenses,  and  a  route  of  shorter 
average  transit  time.  The  locks  canal,  on  the  other 
hand,  could  be  built  more  quickly  and  cheaply, 
would  be  safer  for  navigation,  and  easier  to  enlarge 
in  the  future. 

Thus  the  canal  was  built.  Gatun  Lake  at  the 
canal's  northwestern  end  and  the  smaller  Miraflores 
Lake  to  the  south  are  the  results  of  damming  similar 
to  that  proposed  by  de  Lepinay  (Figure  1).  The  issues 
outlined  for  the  Congress  in  1905  by  a  specially 
appointed  Board  of  Consulting  Engineers,  weighed 
by  President  Roosevelt  in  his  1906  letter,  were  by  no 
means  resolved  by  the  opening  of  the  canal  itself. 
Proposals  to  enlarge,  reconstruct,  or  replace  the 
canal  have  emerged  in  every  decade  since  the  end 
of  World  War  I.  The  first  recommendation  to  add  an 
additional  lane  of  locks  to  the  canal,  made  in  1927, 
cited  the  need  to  anticipate  future  increases  in  canal 
traffic.  Low-priority  studies  of  this  proposal  during 
the  1930s  gave  way  in  1939  to  a  hastily  drawn  project 
to  add  an  independent  system  of  "third  locks"  to 


the  canal  as  a  defense  measure.  Work  begun  then 
was  abandoned  three  years  later  in  the  face  of  more 
pressing  defense  needs.  After  World  War  II, 
concerns  escalated  about  the  canal's  vulnerability 
to  attack,  and  a  series  of  justifications  emerged  for 
replacing  the  canal  with  a  lock-free,  and  therefore 
less  vulnerable,  sea-level  canal.  This  period 
culminated  in  the  work  of  the  Atlantic-Pacific 
Interoceanic  Canal  Study  Commission  (APICSC), 
authorized  by  Congress  in  1964.  APICSC's  1970 
report,  the  most  comprehensive  engineering 
feasibility  study  of  canal  alternatives  undertaken  to 
date,  recommended  that  a  sea-level  canal  be  built 
and  identified  a  route  in  Panama  west  of  the  present 
canal  as  its  most  feasible  location  (Figure  2). 


The  Isthmian  Marine  Environment 

Environmental  considerations  played  little  role  in 
the  debate  over  the  building  of  the  present  canal. 
Although  a  few  scientists  urged  that  biological 
surveys  of  the  Canal  Zone  be  undertaken  before 
work  on  the  canal  was  begun,  none  was  ever 
commissioned.  It  was  a  fortuitous  by-product  of 
decisions  based  largely  on  the  realities  of 
engineering  and  economic  feasibility  that  the 
Panama  Canal  construction  did  not  do  what  many 
marine  scientists  fear  most  from  a  possible  sea-level 
canal  —  namely,  create  a  pathway  through  the 
isthmus  through  which  the  two  oceans  could  freely 
intermix. 

The  isthmus  of  Panama,  which  emerged  from 
the  sea  during  the  Miocene,  several  million  years 
ago,  is  thought  to  have  kept  the  Atlantic  and  Pacific 
oceans  separated  for  at  least  a  million,  and  perhaps 
as  many  as  five  million,  years.  During  that  time 
organisms  in  the  species-rich  tropical  seas  on  either 
side  have  followed  diverging  evolutionary  paths.  A 
1970  Battelle  Memorial  Institute  report  estimates 
that  there  are  about  10,000  species  of  marine 
organisms  in  the  oceans  around  Panama  with  only  a 
10  percent  overlap  in  species  common  to  both  the 
western  Caribbean  and  eastern  Pacific  regions  off 
the  Panamanian  coasts.  Other  scientists,  however, 
believe  that  up  to  50  percent  of  the  species  on  either 
side  of  the  isthmus  may  be  the  same  or  have  a  direct 
common  ancestor,  a  disagreement  in  estimates  that 
foreshadows  a  more  fundamental  biological 
controversy. 

The  landmass  that  separates  the  two  oceans 
is  at  places  little  more  than  30  miles  wide,  yet  the 
ocean  environments  north  and  south  of  the  isthmus 
differ  substantially.  In  the  near-shore  region,  tides 
on  the  Pacific  side  have  a  maximum  amplitude  of 
nearly  21  feet,  whereas  Caribbean  tides  have  an 
excursion  of  approximately  2  feet.  The  Pacific  mean 
sea  level  is  approximately  one  foot  higher  than  that 
on  the  Atlantic  side.  Another  major  hydrographic 
difference  between  the  western  Caribbean  and  the 
Gulf  of  Panama  derives  from  their  different 
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Figure  7.  The  Panamanian  isthmus,  the  Canal  Zone,  and 
the  Panama  Canal.  The  cross-sectional  view  shows  how 
fresh  waters  are  trapped  by  the  canal's  locks. 
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responses  to  the  yearly  onset  of  the  dry  season.  The 
strong  northerly  winds  that  blow  across  the  isthmus 
during  that  typically  four-month-long  period,  and 
which  set  up  a  high  wave  energy  density 
environment  in  its  Caribbean  near-shore  zone, 
induce  substantial  upwelling  as  they  move  the 
surface  waters  of  the  Cult  of  Panama  on  the  Pacific 
side  offshore.  Upwelling  events  bring  colder, 
nutrient-rich  deep  waters  to  the  surface  in  an  area 
where  surface  waters  are  otherwise  nutrient  poor. 
The  life  cycles  of  many  important  Pacific  species  are 
linked  to  these  events,  including  the  Pacific  shrimp 
and  anchoveta,  which  are  Panama's  two  richest 
commercial  fisheries. 

Though  the  commercial  fisheries  of  Panama 
are  keyed  to  the  abundant  stocks  off  its  Pacific 


coast,  the  shallow  seas  of  the  Caribbean  near-shore 
zone  offer  a  greater  richness  in  terms  of  species 
diversity.  The  near-shore  zone  of  Panama  has  few 
fish  species  common  to  both  Atlantic  and  Pacific 
sides.  Similarly,  the  extensive  and  varied  coral  reefs 
that  fringe  the  Caribbean  shores  of  the  isthmus  have 
only  faint  echoes  on  the  Pacific  side,  and  these  are 
mainly  outside  the  Gulf  of  Panama.  In  the  ocean 
beyond  the  near-shore  zone,  the  Pacific  harbors 
predators  that  do  not  occur  in  the  Atlantic,  notably 
the  coral-eating  crown-of-thorns  starfish  and  the 
venomous  yellow-bellied  sea  snake. 

The  Panama  Canal  has  not  appreciably 
compromised  the  integrity  of  the  isthmian  barrier  it 
penetrates.  It  is  not  the  canal's  locks  that  prevent 
the  migration  of  marine  organisms  from  one  ocean 
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Figure  2.  A  route,  just  outside  of  the  Canal  Zone,  identified 
by  the  Atlantic-Pacific  Interoceanic  Canal  Study 
Commission  as  the  most  feasible  route  for  a  sea-level 
canal  to  follow. 

to  the  other  so  much  as  it  is  the  vast  reservoir  of 
fresh  water  that  is  trapped  behind  them.  Most 
organisms  that  make  their  way  past  the  locks  into 
Gatun  Lake  find  the  lake's  fresh  waters  an 
inhospitable  environment.  Highly  mobile 
organisms,  such  as  fish,  do  appear  fairly  frequently 
in  Gatun  Lake,  and  some  Atlantic  fish  species  are 
reported  to  have  colonized  the  Third  Locks  Lagoon, 
a  Pacific-side  remnant  of  the  abandoned  World  War 
II  canal  reconstruction.  However,  there  has  only 
been  one  known  incident  of  a  fish  of  Atlantic 
origins,  a  goby,  finding  its  way  into  Pacific  waters, 
according  to  one  observer.  Several  species  of 
marine  invertebrates,  perhaps  carried  on  ship  hulls, 
have  apparently  made  their  way  through  the  canal 
as  well. 

The  Scientific  Controversy 

Should  two  long-separated  marine  biotas  be 
allowed  to  mingle  freely  through  a  sea-level  canal, 
and  if  not,  can  effective  measures  be  devised  to 
minimize  species  exchange  if  such  a  canal  is  built? 
Value-laden  and  normative  considerations  such  as 
these  were  put  to  the  marine  science  community  by 
the  work  of  the  Atlantic-Pacific  Interoceanic  Canal 
Study  Commission.  Scientists,  who  were  asked  by 
the  Commission  to  render  advice  and  judgment, 
were  forced  to  deal  with  a  range  of  questions  more 
accessible  to  the  methods  of  science,  and  difficult  in 
their  own  right.  Important  among  these  were: 
understanding  the  mechanisms  by  which  the 


present  canal  impedes  species  transmigrations  and 
colonizations,  the  extent  to  which  countervailing 
mechanisms  might  be  acting  to  circumvent  the 
canal's  barriers,  and  most  difficult  of  all,  what  the 
effects  of  allowing  the  two  oceans  to  freely  mix 
through  the  isthmus  might  be. 

APICSC,  which  was  appointed  in  1965  by 
President  Lyndon  Johnson,  was  asked  to  make 
recommendations  on  possible  sea-level  routes 
across  the  isthmus  identified  the  previous  year  in  a 
U.S.  Army  Corps  of  Engineers  study.  Anxious  to 
develop  projects  by  which  the  peaceful  applications 
of  nuclear  explosives  could  be  demonstrated,  the 
Atomic  Energy  Commission  also  participated  in  the 
Corps  study  and  several  of  the  30  routes  chosen 
were  recommended  for  nuclear  excavation  (though 
not  the  one  finally  selected  by  APICSC-  -  Figure  2). 

The  Commission  contracted  an 
environmental  study  to  the  Battelle  Memorial 
Institute  to  develop  information  on  ecological 
effects.  For  a  synthesis  of  the  Battelle  report  and 
other  work  and  recommendations  on  dealing  with 
possible  environmental  problems,  APICSC 
approached  the  National  Academy  of  Sciences, 
which  set  up  the  Committee  on  Ecological  Research 
tor  the  Interoceanic  Canal  (CERIC).  APICSC's  final 
recommendations  were  released  in  a  report  entitled 
"Interoceanic  Canal  Studies  1970." 

APICSC  concluded  that  since  harmful  effects 
of  a  sea-level  canal  could  not  be  unambiguously 
demonstrated,  the  risks  were  minimal  and 
therefore  acceptable.  It  devoted  only  four  pages  of 
"Interoceanic  Canal  Studies"  to  environmental 
issues,  a  point  frequently  cited  by  its  critics. 

The  contrasts  between  some  findings  of  the 
CERIC  and  Battelle  reports  are  particularly  striking 
when  viewed  against  the  background  of  unanimity 
seemingly  expressed  in  their  main  conclusions.  The 
National  Academy  group,  whose  report  was  the 
more  cautious  in  tone,  concluded: 

The  construction  of  a  sea-level  canal  in  Panama 
is  a  gigantic  experiment  with  natural 
ecosystems  whose  consequences  are 
unforeseeable. 

The  Battelle  group  found  that 

. .  .  present  knowledge  of  the  marine  ecology  of 
the  Isthmian  region  is  not  sufficient  to  permit 
anyone  to  predict,  with  certainty,  either  the 
short-term  or  long-term  ecological 
consequences  of  a  sea-level  canal  construction. 

Both  groups  called  for  a  comprehensive,  long-range 
program  of  study,  and  the  CERIC  report  presented 
plans  for  a  research  program  in  considerable  detail. 

Within  the  ranges  of  uncertainty 
acknowledged  by  each  panel,  however,  lay  room 
for  quite  different  judgments  of  consequence.  The 
Battelle  group  found  "no  evidence  for  predicting 
ecological  changes  that  would  be  economically 
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deleterious  to  ...  fisheries,"  and  found  it  "highly 
improbable"  that  the  yellow-bellied  sea  snake, 
crown-ot-thorns  starfish,  or  other  blue-water 
species  could  get  through  the  canal  into  the 
Caribbean.  It  also  found  it  improbable  that  Pacific 
species,  which  could  become  locally  established  in 
Pacific  waters  flowing  through  the  canal  into  the 
Atlantic  (as  a  result  of  net  water  flow  in  that 
direction),  would  be  able  to  survive  elsewhere  in 
the  Atlantic.  Regarding  the  important  issue  of 
whether  a  sea-level  canal  would  need  to  have  a 
biotic  barrier  (which  would  function  the  way  fresh 
water  works  in  the  present  canal)  built  into  it,  the 
Battelle  report  stated  that 

.  .  .  evidence  currently  available  appears  to 
indicate  [there  would  be]a  variety  of  barriers  [in 
a  sea-level  canal]  to  migration  .  .  .  and/or  the 
subsequent  establishment  [of  species]. 

Environmental  conditions  in  the  canal  would 
constitute  barriers  to  migration  of  both 
plankton  and  nekton,  [whose  effectiveness] 
could  be  enhanced  by  engineering 
manipulations  of  freshwater  inputs  to  the  canal 
and  other  artificial  means. 

CERIC  framed  its  observations  more  in  terms 
of  possibilities.  It  made  analogies  to  the  results  of 
other  large-scale  environmental  manipulations, 
including  the  construction  of  the  Suez  Canal  and 


De  Lesseps  and  the  interoceanic  Panama  Canal  scheme. 
Cartoon,  7879.  The  Bettmann  Archive. 


President  Theodore  Roosevelt  posing  at  the  controls  of  a 
steam  shovel  during  Canal  construction,  1906.  The 
Bettmann  Archive. 


the  Welland  Canal  (which  allowed  sea  lampreys  to 
invade  the  Great  Lakes),  to  the  results  of  exotic 
species  introductions  to  Australia,  New  Zealand, 
and  elsewhere,  and  even  to 

.  .  .  changes  in  the  mammalian  faunas  of  North 
and  South  America  after  they  intermingled 
following  the  formation  of  the  isthmian  land 
bridge. 

Its  report  noted  with  special  reference  to  the  Suez 
Canal  that 

.  .  .  transmigration  and  colonization  of  marine 
biota  occur,  chiefly  from  the  ecologically  more 
to  the  ecologically  less  saturated  regions;  that 
mobile,  active  organisms  and  fouling  organisms 
are  generally  first  to  make  the  transit;  that 
large-scale  population  changes  occur;  that 
significant  economic  impact  sometimes  results; 
and  that  barriers  decrease  the  likelihood  of 
dispersal.  * 

Among  "possible  major  consequences"  of  a 
Panamanian  sea-level  canal,  it  cited 

.  .  .  changes  in  fisheries  resources,  .  .  . 
introduction  of  sea  snakes  and  other 


*F.  D.  Por  of  the  Hebrew  University  of  Jerusalem  has 
coined  the  phrase  "Lessepsian  migration"  to  refer  to  the 
passage  of  Red  Sea  species  into  the  Mediterranean 
through  the  Suez  Canal,  in  recognition  of  de  Lesseps's 
role  in  building  that  sea-level  canal. 
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troublesome  marine  biota,  .  .  .  alteration  of 
marine  communities,  .  .  .  impact .  .  .  from 
introduced  parasites  and  pathogens,  .  .  . 
disruption  of  endemic  fresh  water  organisms, 
.  .  .  and  destruction  of  marine  communities, 
particularly  coral  reefs,  by  deposition  of  spoil 
(resulting  from  construction)  and  subsequent 
longshore  drift  of  silt. 

CERIC  also  placed  much  less  faith  in  the 
effectiveness  of  barriers  to  migration  in  an 
unmodified  sea-level  canal.  Its  report  stated  that 

Fresh  water  in  the  present  Panama  Canal 
constitutes  a  highly  selective  filter,  permitting 
only  the  occasional  transit  of  organisms  tolerant 
of  a  wide  range  of  salinity.  It  is  essential  that 
inter-oceanic  migrations  of  marine  biota 
through  a  sea-level  canal  be  similarly 
prevented.  .  . 

The  executive  director  of  APICSC  labeled  the 
views  of  CERIC  as  "alarmistic."  The  release  of 
"Interoceanic  Canal  Studies"  and  the  studies  of  the 
two  scientific  panels  quickly  engendered  a  wider 
debate  within  the  scientific  community,  played  out 
both  in  the  scientific  literature  and  in  the  popular 
press.  Several  areas  of  substantive  disagreement 
emerged,  which  went  largely  unresolved.  Among 
these  was  the  question  of  just  how  similar  or 
dissimilar  the  marine  biota  on  the  two  sides  of  the 
isthmus  were,  and  whether  similarity  would 
promote  or  impede  species  colonizations  if  the 
isthmus  were  opened.  Likewise,  an  issue  developed 
as  to  whether  the  ballast  water  often  carried  by  ships 
transiting  the  present  canal  already  represented  an 
experimental  test  of  the  effects  of  interoceanic 
fertilization.  If  ship  ballast  water  discharges  were 
regularly  transferring  viable  populations  of  marine 
organisms  from  one  ocean  to  the  other  for  50  years 
with  little  observable  effect,  the  argument  went, 
then  a  sea-level  canal  would  be  unlikely  to  produce 
major  consequences  either. 

The  canal  proposed  for  construction  by 
APICSC  included  no  biotic  barriers  in  its  design, 
though  it  was  acknowledged  that  tidal  gates  or 
barriers  would  have  to  be  built  in  the  canal  owing  to 
the  relatively  greater  height  of  mean  sea  level  (and 
much  greater  tidal  amplitude)  on  the  Pacific  side.  An 
additional  biotic  barrier  could  be  installed  in  such  a 
canal  by  using  tidal  gates  to  trap  a  parcel  of  fresh 
and/or  heated  water  within  the  waterway.  The 
arguments  about  the  necessity  of  such  measures 
were  important  because  the  concepts  involved 
were  largely  untested. 

The  Panama  Canal  Treaties 

The  sea-level  canal  debate  of  the  early  1970s  ended 
inconclusively  and  was  soon  overshadowed  by 
other  events.  The  gathering  momentum  toward 
completion  of  an  agreement  on  the  Panama  Canal 


* 


Treaties,  the  products  of  a  13-year  negotiation, 
effectively  removed  the  option  of  actions 
independent  of  the  negotiations,  in  which  terms  on 
the  sea-level  canal  were  a  part.  The  1973  Arab  oil 
embargo  had  the  effect  of  submerging  the  canal 
debate  in  the  more  immediate  problem  of  securing 
alternative  oil  supplies.  With  the  completion  of  the 
Alaskan  oil  pipeline,  sea-level  canal  proponents  in 
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A  view  down  the  length  of  the  Catun  Locks,  during 
construction.  The  Bettmann  Archive. 


Congress  began  arguing  for  the  canal  in  terms  of  its 
potential  role  in  moving  Alaskan  oil  to  refiners  and 
markets  in  the  East.  This  tended  to  transform  the 
canal  debate  into  one  of  how  best  to  move  West 
Coast  oil  supplies  east. 

In  what  may  have  been  the  last  chance  for 
North  Americans  to  debate  mainly  among 
themselves  the  pros  and  cons  of  a  Panamanian 


sea-level  canal,  the  U.S.  House  of  Representatives, 
in  response  to  the  treaty  ratification  just  two  months 
earlier,  reopened  hearings  on  the  question  in  June 
1978.  At  issue  was  whether  "Interoceanic  Canal 
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Inspection  party  during  work  on  the  Panama  Canal.  Gentlemen  and  ladies  posing  at  the  site.  The  Bettmann  Archive. 


Studies"  should  be  updated,  and  whether  the 
United  States  should  join  Panama  in  a  new  canal 
feasibility  study. 

Under  the  Panama  Canal  Treaties,  the  U.S. 
will  continue  to  operate  the  waterway  until  1999,  at 
which  time  control  of  the  canal  reverts  to  the 
Republic  of  Panama.  Article  XII  of  the  main  Panama 
Canal  Treaty  contains  language  that  seems  to 
commit  the  United  States  to  conducting  a  joint 
sea-level  canal  feasibility  study  with  Panama,  and  to 
prohibit  either  nation  from  entering  into  a 
partnership  with  a  third  party  to  build  a  new  canal 
without  the  consent  of  the  other.  It  also  grants  to 
the  United  States  the  right  to  add  a  third  lane  of 
locks  to  the  present  canal  while  it  remains  in  U.S. 
control. 

The  U.S.  Senate,  however,  added  a 
significant  reservation  to  Article  XII  when  it  ratified 
the  treaties,  refusing  to  accept  the  commitment  of 
mutual  exclusivity.  One  effect  of  this  reservation 
may  be  that  the  United  States  might  not  necessarily 
participate  in  any  feasibility  study  involving  a  third 
party,  such  as  the  Japanese-Panamanian  study 


announced  last  year,  and  may  have  a  diminished 
necessity  (or  right)  to  participate  in  any  such  study  at 
all. 

These  developments  also  could  mean  that 
the  1978  congressional  hearings  represented  the 
last  chance  for  the  U.S.  scientific  community  to 
occupy  center  stage  in  the  debate  over  the 
environmental  impacts  of  a  sea-level  canal.  Those 
hearings  found  American  scientists  presenting  a 
much  more  united  front  in  reaffirming  earlier 
opinions  that  the  construction  of  such  a  canal  could 
produce  many  detrimental  environmental  effects, 
unless  appropriate  biotic  barriers  were  installed. 
The  principal  document  submitted  to  Congress  on 
environmental  matters  during  these  hearings  was  a 
report  from  a  new  National  Academy  committee, 
the  Committee  on  Ecological  Effects  of  a  Sea-Level 
Canal,  assembled  to  update  and  reconsider  the 
previous  scientific  studies  at  the  request  of  the 
President's  Office  of  Science  and  Technology 
Policy.  The  Committee  reiterated  the  earlier  CERIC 
position  in  somewhat  stronger  terms  and  greater 
detail. 
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In  many  ways,  however,  this  second  National 
Academy  study  seemed  indicative  of  a  point  made 
in  the  report  itself  —  that  additions  to  relevant 
knowledge  in  the  eight  years  since  the  last  canal 
study  had  been  at  best  modest.  The  elaborate 
research  program  outlined  byCERICin  1970  had  not 
been  implemented.  The  1978  committee  report, 
recognizing  this,  emphasized  that  a  directed 
research  program,  preceded  by  the  setting  of 
research  priorities  to  reduce  the  most  critical  areas 
of  uncertainty  in  present  knowledge,  could 
produce  a  much  better  environment  in  which  to 
make  judgments  about  the  canal's  ecological 
effects.  Many  of  the  most  important  questions  for 
marine  science  concerning  the  sea-level  canal  may 
be  no  closer  to  resolution  now  than  they  were  a 
decade  ago,  but  there  are  hints  that  a  more  realistic 
sense  of  what  science  can  and  cannot  do  for 
decision  makers  now  prevails. 

The  Prospects  for  a  Sea-Level  Canal 

The  twin  questions  of  whether  a  sea-level  canal 
across  the  Panamanian  isthmus  will  or  should  be 
built  remain  unresolved.  It  is  clear  that  North 
Americans  will  play  a  smaller  role  in  whatever  the 
next  stage  may  be.  Political,  social,  and  economic 
realities  in  the  nations  of  the  isthmus  region  and 
present  conditions  in  the  Central  American 
terrestrial  environment  will  play  a  larger  role  in 
future  developments  than  they  have  before.  Among 
considerations  of  importance,  for  example,  is  the 
fact  that  the  present  canal  provides  the  largest 
single  source  of  revenue  to  the  Republic  of  Panama. 
Though  revenues  from  the  canal  have  been 
increasing,  the  canal  is  capturing  a  declining 
portion  of  the  Western  Hemisphere's  shipping 
activity  as  larger,  faster  ships  enter  the  world  fleet  to 
take  advantage  of  other  economies.  The 
Panamanians  are  concerned  about  this  trend,  and 
are  much  in  favor  of  building  a  waterway  to 
accommodate  larger  vessels.  The  Japanese  interest 
is  also  important  to  consider.  Iron  ore  from  Brazil, 
coal  from  the  eastern  United  States,  and  oil  from 
Venezuela  are  frequently  cited  as  commodities  the 
Japanese  would  like  to  ship  through  the  isthmus.  A 
factor  that  complicates  all  of  these  considerations 
is  the  decision  announced  by  Panama  in  March  of 
this  year  to  build  a  pipeline  in  western  Panama  for 
oil  transshipment,  in  competition  with  the  present 
canal. 

The  solution  that  at  first  glance  seems  to 
satisfy  both  economic  needs  and  environmental 
constraints  is  that  of  rebuilding  the  present  canal  to 
increase  its  capacity,  possibly  by  adding  a  third  lane 
of  wider  locks,  as  the  perogative  granted  to  the 
United  States  by  the  Panama  Canal  Treaties  allows. 
Such  an  option  would  preserve  the  passageway 
through  Gatun  Lake  and  cannot  be  ruled  out. 
Unfortunately,  sufficient  fresh  water  is  unlikely  to 
be  available  to  operate  a  larger  canal  through  the 


lake  system,  and  worse,  the  supply  required  for  the 
operation  of  the  present  canal  has  become  less 
reliable  in  recent  years. 

One  of  the  most  frequently  quoted  statistics 
in  canal  reconstruction  discussions  is  the  quantity 
of  fresh  water  discharged  into  the  ocean  with  each 
of  the  38  transits  of  the  canal  made  on  an  average 
day  —  52  million  gallons,  or  enough  to  meet  the 
needs  of  a  medium-sized  city  for  a  day.  The  water 
supply  in  the  canal's  watershed  has  been  subjected 
to  increasing  demands  from  a  rapidly  growing 
population  in  recent  years,  both  for  consumption 
and  for  agricultural  development.  More  seriously, 
the  headwaters  of  the  watershed  have  been 
severely  deforested,  largely  by  migratory 
subsistence  farm  workers,  who  practice 
slash-and-burn  farming  techniques.  The  watershed, 
which  was  estimated  to  be  83  percent  forested  in 
1952,  is  now  only  about  32  percent  forested. 
Population  growth  in  the  headwaters  area  is 
estimated  to  be  5  percent  a  year,  and  Madden  Lake, 
which  captures  and  stores  runoff  for  controlled 
discharge  to  Catun  Lake,  could,  by  one  estimate, 
have  its  storage  capacity  reduced  as  much  as  22 
percent  by  the  year  2000  if  siltation  continues  at  the 
present  rate.  Low  rainfall  in  1976  and  1977  led  to 
all-time  low  levels  in  Gatun  Lake  and  forced  severe 
draft  restrictions  on  vessels  transiting  the  canal. 

Though  extensive  efforts  at  reforestation  and 
protection  of  the  canal's  watershed  were  initiated  in 
1979  by  the  Panamanian  government  with  a  major 
loan  from  the  U.S.  Agency  for  International 
Development,  it  seems  likely  that  any  large  increase 
in  the  present  canal's  capacity  will  be  possible  only 
if  salt  water  is  pumped  through  its  waterways  to 
supplement  the  fresh  water  supply.  A  progressive 
salination  of  Gatun  Lake,  resulting  in  a  breakdown 
in  its  effectiveness  as  a  biotic  barrier,  could  well  be 
the  result,  just  as  progressive  dilution  of  the 
hypersaline  Bitter  Lakes  in  the  Suez  Canal  passage 
gradually  diminished  their  effectiveness  in  keeping 
the  Red  and  Mediterranean  Sea  biotas  apart.  Thus 
the  problem  of  mixing  the  two  oceans  remains, 
regardless  of  which  canal  reconstruction  choice  is 
made.  Even  the  continued  functioning  of  the 
existing  canal  at  its  present  capacity  may  require 
that  salt  water  be  added  to  the  canal  water  supply. 

What  should  the  role  of  the  U.S.  marine 
scientific  community  be  in  future  developments 
concerning  canal  reconstruction  or  replacement? 
Perhaps,  as  events  in  the  larger  political  arena 
suggest,  the  time  has  come  to  accept  a  diminished 
role,  with  emphasis  on  identifying  research 
priorities  and,  as  one  commentator  has  suggested,* 


*Statement  of  Dr.  C.  Richard  Robins,  University  of  Miami, 
in  Sea-Level  Canal  Studies,  Hearings  before  the  House 
Merchant  Marine  and  Fisheries  Committee,  June  19, 1978, 
pp.  374-375. 
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The  S.S.  Ancon  officially 
opening  the  Panama 
Canal,  August  15,  1914. 
The  Bettmann  Archive. 


fostering  the  development  of  Latin  American 
marine  science  capabilities  through  training 
programs  built  around  canal-related  problems.  In 
the  long  run,  such  efforts  might  produce  a  corps  of 
scientists  in  Panama  and  other  nations  of  the 
isthmus  who,  because  they  have  conducted 
research  designed  to  produce  workable  solutions 
to  the  environmental  problems  associated  with  the 
canal,  can  provide  the  kind  of  advice  that  their 
governments,  in  increasingly  self-reliant 
approaches  to  development  issues,  need  most. 
Perhaps  of  equal  importance,  little  of  the 
sea-level  canal  debate  to  date  has  dealt  with  the  full 
range  of  significant  socioeconomic  impacts  any 
canal  reconstruction  project  would  have  on  the 
nations  of  the  isthmus  region.  The  route  selected  in 
the  Japanese-Panamanian  plan  would  convert  the 
fishing  villages  now  at  its  ends,  Puerto  Camito  and 
Lagarto,  into  modern  ports  of  international 
importance.  Traditional  modes  of  existence  would 
be  supplanted  and  populations  would  be 
assimilated  or  displaced.  More  generally,  rural 
populations  up  and  down  both  coasts  of  the 
isthmus  and  in  its  interior  depend  heavily  on 
subsistence  fishing  for  protein,  and  it  is  clear  that 
both  marine  and  fresh  water  fisheries  could  be 
affected  by  ecological  changes  associated  with 
canal  reconstruction.  The  future  of  the  major  port 
facilities  now  at  Balboa  and  Cristobal  also  must  be 
considered  if  a  new  canal  is  to  be  built,  as  must  the 
effects  of  assembling  a  massive  labor  force  in  an 
area  where  many  countries  are  chronically  short  of 
labor.  Ultimately,  the  problems  of  deforestation 
and  future  water  supplies  also  must  be  dealt  with.  In 
short,  any  canal  reconstruction  project  presents  a 
coastal  zone  management  question  of  major 
proportions,  with  the  future  use  of  linked  land  and 
water  resource  systems,  ranging  from  the  canopied 


tropical  forests  of  Panama's  interior  to  the  fisheries 
off  its  coasts,  at  stake.  The  policy  studies  community 
also  could  contribute  to  helping  Panama  and  other 
Central  American  nations  plan  a  future  in  which  the 
dual  needs  for  economic  development  and 
environmental  protection  are  balanced. 
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by  Richard  G.  B.  Brown 


Ihe  study  of  seabirds  at  sea  is  one  of  the  last 
frontiers  of  field  ornithology.  We  know  a  great  deal 
about  the  ecology  of  seabirds  during  the  relatively 
small  proportion  of  their  lives  spent  on  land,  during 
the  breeding  season.  But  until  recently,  we  knew 
nothing  about  them  at  other  times. 

Part  of  the  reason  for  our  gap  in  knowledge  is 
that  ornithologists  are  land-based  animals  to  whom 
the  sea  in  all  its  variability  is  an  enigma;  merely 
something  flattish,  wettish,  and  grayish  over 
which  the  birds  happen  to  be  flying. 
Oceanographers,  of  course,  know  that  it  is  no  such 
thing.  But  they,  in  turn,  have  been  very  reluctant  to 
concede  that  something  which  can  only  breed  on 
land,  and  which  often  commutes  out  to  sea  daily  to 
feed,  can  properly  be  considered  a  marine  animal. 
Moreover,  the  migrations  of  many  seabirds  cover 
enormous  distances.  Arctic  terns,  for  example, 
breed  as  far  north  as  there  is  land,  yet  many  of  them 
spend  their  winters  as  far  south  as  there  is  water,  at 
the  edge  of  the  ice  off  Antarctica.  How  can  animals 
as  mobile  as  these  be  linked  to  a  restricted  water 
type  or  marine  habitat? 

Not  all  ornithologists  and  oceanographers 
have  been  so  blinkered,  of  course.  As  far  back  as  the 
1920s,  Poul  Jespersen,  a  marine  biologist  on  the 
Danish  Dana  expeditions,  which  investigated  the 
breeding  biology  of  eels,  was  systematically 
recording  and  correlating  seabird  numbers  and 
plankton  densities  in  the  North  Atlantic.  In  the 
summer  of  1933,  the  ornithologist  V.  C. 
Wynne-Edwards  made  a  series  of  Atlantic  crossings 
on  a  passenger  liner  between  Montreal  and  the 
English  Channel  and  showed,  for  the  first  time,  how 
seabird  numbers  varied  in  the  course  of  a  summer, 
and  between  one  oceanic  area  and  the  next.  But 
these  pioneers  were  exceptional.  By  and  large,  the 
study  of  seabirds  at  sea  disappeared  into  the  cracks 
between  their  two  disciplines. 

The  boom  in  oceanographic  research  from 
the  1950s  onward  has  changed  all  that.  In 


Red-billed  tropicbirds.  (Photos  by  Bruce  A.  Sorrie) 
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Jespersen's  and  Wynne-Edwards's  time, 
oceanographic  expeditions  were  rare,  and  an 
ornithologist  could  go  to  sea  only  by  traveling  along 
the  very  restricted  commercial  shipping  routes.  But 
nowadays  there  are  oceanographic  vessels  going  to 
almost  every  part  of  the  world,  and  often  they  have 
spare  berths  for  ornithologists.  As  a  result,  we  now 
have  a  very  good  general  picture  of  the 
geographical  limits  of  most  seabirds'  distributions 
at  sea,  although  there  are  still  many  gaps.  And  more 
important,  the  oceanographic  data  collected  on 
these  cruises  often  allow  the  ornithologist  to 
interpret  his  observations  in  ways  not  available  to 
the  observers  on  commercial  ships.  We  are 
beginning  to  move  on  from  asking  where  the  birds 
are,  to  why  they  are  where  they  are. 

Water  Types 

Physical  oceanographers  define  water  types  in 
terms  of  their  temperature-salinity  relationships, 
and  marine  biologists  have  shown  that  each  water 
type  tends  to  have  a  characteristic,  distinct,  zoo- 
and  ichthyo-plankton  fauna.  We  now  know  that  this 
can  be  taken  farther  up  the  food  chain  to  include 
seabirds  as  well.  For  example,  the  greater 
shearwater  (Figure  1)  breeds  on  the  Tristan  da 
Cunha  islands  in  the  South  Atlantic,  whereas  the 
Cory's  shearwater,  which  is  about  the  same  size, 
breeds  in  the  Mediterranean  and  on  islands  in  the 
eastern  North  Atlantic  from  the  Azores  to  the  Cape 
Verdes.  Nonbreeders  of  both  species  are  found  off 
eastern  North  America  from  May  to  October.  Their 
ranges  at  sea  overlap  very  little  (Figure  2).  The 
greater  shearwater  is  a  bird  of  the  cool  temperate 
waters  north  of  the  Gulf  Stream,  from  the  Scotian 
Shelf  and  Georges  Bank  north  to  Labrador  and 
southern  Greenland.  Cory's,  on  the  other  hand, 
occur  in  the  warmer  waters  on  the  outer  edge  of  the 
Gulf  Stream,  from  Georges  Bank  south  to  Cape 
Hatteras  or  beyond.  Nonbreeding  greater 
shearwaters  are  found  off  the  Argentine  coast,  in 
waters  influenced  by  the  cool  Falkland  Current; 
Cory's  are  farther  north,  off  Uruguay,  in  a  zone 
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Figure  7.  Greater  shearwater  on  Georges  Bank.  (Photo  by 
Robert  G.  Kirkpatrick,  courtesy  Massachusetts  Audubon 
Society) 
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Figure  2.  Distributions  of  greater  and  Cory's  shearwaters  in 
the  North  and  South  Atlantic  Oceans. 


warmed  by  the  Brazil  Current,  the  South  Atlantic 
counterpart  to  the  Gulf  Stream.  Not  all 
transequatorially  migrating  seabirds  arrange 
themselves  so  neatly.  Wilson's  storm-petrel,  for 
example,  breeds  in  Antarctica  and  one  would 
expect  it  to  migrate  to  Greenland;  instead,  it  goes  to 
the  relatively  warm  waters  off  New  England.  But  it  is 
nonetheless  true  that  many  seabird  species,  for  all 
their  great  mobility,  are  constant  in  their  choice  of 
marine  habitat. 

Correlations  between  seabird  species  and 
water  types  were  demonstrated  more  precisely  by 
information  collected  during  the  International 
Indian  Ocean  Expedition  of  the  early  1960s.  Roger 
Pocklington,  a  chemical  oceanographer  and 
ornithologist  then  at  the  Woods  Hole 
Oceanographic  Institution  (WHOI),  analyzed  the 
distributions  of  seabirds  that  he  recorded  aboard 
the  R/V Atlantis  II  (and  that  others  observed),  and 
related  them  to  the  nine  water  types,  based  on 
temperature-salinity  relationships  found  in  the 
Indian  Ocean  (Figure  3).  There  were  some  very 
interesting  differences  between  closely  related 
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species  which,  until  then,  had  been  thought  to  have 
more  or  less  identical  distributions.  For  example, 
there  are  four  forms  of  tropicbirds  in  the  Indian 
Ocean:  the  nominate  subspecies  of  the  white-tailed 
tropicbird  and  the  distinctive  Christmas  Island 
form,  and  the  red-tailed  and  red-billed  tropicbirds. 
There  was  virtually  no  overlap  in  their  distributions. 
The  red-billed  and  white-tailed  tropicbirds  had  wide 
distributions,  the  former  in  the  water  types  with  the 
highest  salinities.  The  Christmas  Island  and 
red-tailed  tropicbirds  were  more  restricted,  both 
preferring  a  water  type  of  intermediate  salinity. 
However,  these  two  were  geographically  separated, 
found  where  that  water  type  occurred  in  the  eastern 
and  western  Indian  Ocean,  respectively.  These 
differences  almost  certainly  reflect  differences  in 
the  species  of  prey  that  occurred  in  the  different 
water  types,  rather  than  being  a  direct  response  to 
temperature  or  salinity.  There  seemed,  for 
example,  to  be  parallel  differences  in  the 
distributions  of  the  various  species  of  tunas  and 
euphausiids  as  well.  It  is  axiomatic  for  land  birds 
that  species  compete  for  food.  Species  sharing  a 
common  geographical  range  evolve  different 
feeding  habits  or,  conversely,  species  with  similar 
habits  have  differing  ranges.  In  terms  of  evolution, 
it  seems  that  the  tropicbirds  have  adopted  the 
second  strategy. 

Seabirds  are  not  uniformly  distributed 
throughout  their  preferred  water  types.  They  tend 
to  be  most  abundant  close  to  islands  and  other 
suitable  breeding  sites.  They  also  depend  on 
smaller-scale  oceanographic  phenomena  to 
concentrate  their  prey  for  them.  For  example, 
seabirds  usually  are  attracted  to  convergence 
fronts,  where  one  body  of  water  sinks  beneath 


Wilson's  petrel.  (Photo  by 
Allen  H.  Morgan,  courtesy 
Massachusetts  Audubon 
Society) 


Figure  3.  Distributions  of 
tropicbirds  in  the  different 
water  types  in  the  Indian 
Ocean.  The  water  types 
are  defined  by  their 
surface 

temperature-salinity 
relationships.  Red-billed 
tropicbird  Phaethon 
aethereus,  red-tailed 
tropicbird  P.  rubricauda, 
white-tailed  tropicbird  P. 
lepturus,  Christmas  Island 
tropicbird  P.I.  tulvus. 
(From  Pocklington,  1979) 
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another,  and  plankton  and  other  small  prey  are 
trapped  along  the  boundary  line.  Seabirds  feed  at 
ice  edges,  on  the  fish  and  plankton  that  live  on  the 
underside  of  the  pack  ice,  and  on  the  prey  brought 
up  to  the  surface  by  upwelling  water  at  glacier  faces. 
They  also  feed  on  the  fish  herded  together  and 
brought  to  the  surface  by  schools  of  dolphins  and 
tuna;  this  is  particularly  important  for  the  seabirds 
of  barren  tropical  waters. 

Foraging 

The  reason  for  this  specialization  is  that  seabirds 
have  limitations  as  marine  animals:  they  cannot 
forage  throughout  the  whole  water  column.  It  is 
true  that  some  specialized  divers  can  go  very  deep. 


Emperor  penguin  and  chicks.  (Photo  by  Russ  Kinne,  PR) 


The  emperor  penguin  can  go  down  as  far  as  260 
meters,  and  smaller  penguins  may  reach  100 
meters.  But  it  is  unlikely  that  most  birds  that  hunt  by 
chasing  their  prey  underwater  can  go  much  deeper 
than  50  meters.  Heavy  birds  that  hunt  by  plunging 
into  the  water  head-first  from  a  height,  like  the 
gannets,  might  perhaps  reach  10  meters,  but 
smaller  ones,  like  the  terns,  can  probably  go  down 
little  more  than  1  meter.  Many  other  seabirds,  such 
as  gulls,  skimmers,  and  phalaropes,  can  feed  only  at 
the  surface.  These  birds  rely  on  some  mechanism 
that  will  bring  the  prey  up  into  their  reach. 

Surface-feeding  birds  also  need  to  have  their 
prey  concentrated  at  more  than  average  densities  so 


that  they  can  feed  economically,  getting  more 
energy  out  of  the  food  they  eat  than  they  have  spent 
in  catching  it.  This  point  is  best  illustrated  by  the 
feeding  energetics  of  the  finback  whale.  It  has  been 
calculated  that  a  finback  feeding  on  euphausiids  off 
Nova  Scotia  needs  to  find  them  concentrated  at  a 
minimum  density  of  17.5  grams  (dry  weight)  per 
cubic  meter  of  water  to  break  even  in  this  way.  The 
average  density  in  those  waters  is  only  0.1  grams  per 
cubic  meter,  so  the  whale's  need  to  search  for 
unusually  large  concentrations  of  these  crustaceans 
is  obvious.  No  such  calculations  have  been  made 
for  seabirds,  but  they  undoubtedly  hold  true  for 
them  too.  The  dovekie  is  a  small  arctic  seabird  that 
feeds  by  diving  for  small  zooplankton  - 
amphipods,  copepods,  and  pteropods  (Figure  4).  It 
has  been  estimated  that  birds  breeding  in  Novaya 
Zemlya  must  catch  100  grams  a  day  to  feed 
themselves  and  their  chicks.  At  the  mean 
zooplankton  density  in  that  area  they  would  have  to 
filter  180  cubic  meters  of  water  to  do  this,  and  1 ,000 
cubic  meters  at  the  minimum,  but  only  50  cubic 
meters  at  the  maximum  density.  It  is  not  surprising 
that  most  of  the  dovekies  from  those  colonies  were 
feeding  only  where  there  were  dense  swarms  of 
plankton.  Dovekies  from  colonies  in  northwest 
Greenland  may  fly  up  to  100  kilometers  offshore  to 
feed  at  a  front,  or  at  the  edge  of  the  pack  ice. 
Presumably  the  energy  these  birds  spend  flying 
such  distances  is  more  than  compensated  for  by  the 
ease  with  which  they  can  collect  food  in  the  denser 
medium  of  the  water. 

The  strong  tidal  streams  in  the  Bay  of  Fundy 
are  a  good  example  of  a  food-concentrating  system . 
About  5  kilometers  north  of  Brier  Island,  southwest 
Nova  Scotia,  there  is  a  horseshoe-shaped  reef  that 
rises  almost  to  the  surface  in  places.  The  tidal  stream 
here  is  about  1 .4  meters  per  second  at  its  strongest, 
and  creates  a  turbulent  riptide  as  it  crosses  the  reef. 
Cool  water  from  10  meters  down  or  deeper  comes 
to  the  surface,  drifts  downstream,  and  sinks  in  a 


Figure  4.  Dovekie.  (Photo  courtesy  Massachusetts 
Audubon  Society) 
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series  of  convergence  fronts  (called  streaks  by  the 
local  fishermen)  below  the  warmer  surface  waters 
more  characteristic  of  the  Bay  of  Fundy  in  summer.* 
Zooplankton  normally  stay  at  depth  during  the 
daytime,  but  are  brought  up  with  the  cold  water; 
calanoid  copepods  and  the  euphausiid 
Meganyctiphanes  norvegica  are  the  principal 
species.  (It  is  possible  that  Meganyctiphanes 
actively  follow  the  copepods  up  to  feed  on  them , 
rather  than  being  passively  brought  up  with  the 
bottom  water.)  Both  species  swarm  at  the  surface; 
the  copepods  are  most  common  over  the  reef  itself, 
and  downstream  in  the  streaks  (Figure  5). 


— tf- 


Figure  5.  Red  phalaropes  on  a  convergence  streak  off  Brier 
Island,  Bay  of  Fundy.  (Photo  by  Author) 

A  variety  of  predators  is  attracted  to  these 
swarms.  The  copepods  are  preyed  upon  by  young 
sand  lance.  They  were  probably  once  taken  by  right 
whales,  now  hunted  almost  to  extinction,  as  this 
species  is  known  to  feed  at  fronts  off  New  England. 
They  also  are  taken  by  flocks  of  red  phalaropes, 
small  swimming  shorebirds,  which  pick  the 
copepods  right  at  the  surface.  The  phalaropes  seem 
to  use  the  streaks  as  indicators  of  where  prey  is 
especially  abundant  because  they  never  feed  away 
from  them  even  when  the  copepods  are  quite 
abundant,  though  at  lower  densities  (Figure  6). 

Other  marine  predators  feed  on 
Meganyctiphanes.  I  have  at  times  seen  euphausiids 
leaping  out  of  the  water  to  escape  mackerel, 
herring,  or  squid,  while  greater  and  sooty 
shearwaters  and  herring  and  great  black-backed 
gulls  plunged  down  on  them  from  above,  and  a 
humpback  and  up  to  five  finback  whales  plowed 
through  the  swarm.  (Euphausiid  densities  off  Brier 
Island  are  on  the  order  of  200  grams  per  cubic 
meter.)  As  an  additional  complication,  the  gulls  and 


The  details  of  the  physical  oceanography  have  not  been 
worked  out,  but  the  system  is  probably  very  similar  to  the 
internal  wave  packets  that  tidal  streams  generate  as  they 
pass  over  Stellwagen  Bank  in  Massachusetts  Bay. 


the  shearwaters  feed  on  sand  lance  (which  the 
greater  shearwaters,  but  not  the  sooties,  seem  to 
prefer  to  Meganyctiphanes),  mackerel,  herring,  and 
squid.  In  other  words,  this  riptide  is  the  physical 
basis  for  a  small  food  web  of  marine  feeding 
relationships  in  which  seabirds  are  involved  at  three 
trophic  levels:  phalaropes  feeding  on  copepods, 
gulls  and  shearwaters  on  Meganyctiphanes  and 
sand  lance,  and  gulls  and  shearwaters  on  larger  fish 
and  squid. 

A  system  of  this  kind  should  not  be  confused 
with  the  classical  process  of  upwelling  that  occurs, 
at  its  most  spectacular,  in  the  Peru  and  Benguela 
Currents.  Classical  upwelling  is  a  long-term  process 
in  which  nutrients  are  brought  up  into  the  euphotic 
zone,  are  used  in  phytoplankton  growth,  which  in 
turn  stimulates  the  growth  of  herbivorous 
zooplankton,  and  so  on  up  the  food  chain.  What 
happens  off  Brier  Island  is  the  short-term  forcing  to 
the  surface  of  part  of  an  existing  stock  of 
zooplankton  that  has  been  produced  elsewhere - 
in  this  case,  probably  at  an  area  of  true  upwelling  off 
southern  Nova  Scotia.  Both  kinds  of  systems 
"upwell"  water  to  the  surface,  but  it  may  be  less 
confusing  to  think  of  the  one  off  Brier  Island  not  as 
an  "upwelling"  but  as  a  "tidal  pump." 

Our  pelagic  seabird  surveys  are  beginning  to 
show  that  convergence  fronts  —  and,  presumably, 
the  zooplankton  concentrations  associated  with 
them  —  are  the  key  to  the  ecology  of  the  red 
phalarope  not  just  at  Brier  Island  but  everywhere 
else  when  the  phalarope  is  at  sea.  During  the 
summer,  when  the  breeding  birds  feed  on 
superabundant  insect  larvae  in  shallow  tundra 
pools,  the  birds  have  little  difficulty  in  finding  food. 
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Figured.  The  Brier  Island  "tidal  pump"  upwelling.  The  tidal 
stream  pushes  up  cool  bottom  water  to  the  surface  as  it 
crosses  the  reef,  and  copepod-sized plankton  with  it.  The 
cool  water  sinks  downstream  at  a  convergence  front 
(streak),  trapping  plankton  in  it.  Red  phalaropes  feed 
above  the  reef  and  in  the  convergence,  where  the 
plankton  are  most  abundant.  (From  Brown,  1980) 
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But  a  bird  at  sea  that  feeds  by  picking  at  prey  at  the 
surface  will  be  totally  dependent  on  such 
concentrating  mechanisms  if  it  is  to  forage 
economically.  Migrating  and  wintering  red 
phalaropes  have  been  found  at  fronts  at  the  edges 
of  the  Labrador  Current;  at  the  Gulf  Stream  and  the 
upwellings  off  northwest  and  southwest  Africa;  at 
tidally  induced  fronts  in  Hudson  Strait;  and  at  many 
other  fronts.  They  even  make  use  of  the  very 
small-scale  convergences  in  Langmuir  circulation 
cells,  where  steady  winds  generate  many  shallow 
upwellings  and  convergences  (the  latter  apparent  as 
rows  of  long  streaks)  aligned  with  the  wind 
direction.  Since  fronts  usually  form  between  water 
bodies  of  different  temperature,  they  are  easily 
picked  up  by  satellite  imagery  (Figure  7),  and  so  in 


principle  it  should  be  possible  to  use  this  to  predict 
the  birds'  distributions  at  sea.  In  practice,  however, 
it  appears  that  there  are  some  convergence  fronts 
where  red  phalaropes  do  not  occur.  The  birds  do 
not  seem  to  use  the  edges,  for  example,  of  the 
Falkland  and  Brazil  Currents,  the  southern 
hemisphere  counterparts  of  the  Labrador  Current 
and  the  Gulf  Stream.  It  would  be  interesting  to 
know  more  about  the  physical  and  biological 
characteristics  of  these  South  American  fronts 
because  knowing  what  is  not  attractive  to  red 
phalaropes  would  add  a  new  dimension  to  our 
understanding  of  what  is. 

Seabirds,  then,  are  bona  fide  marine  animals 
when  they  are  at  sea,  their  distributions  influenced 
by  the  same  kinds  of  oceanographic  factors  as  are 
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Figure  7.  The  Labrador  Current  seen  from  space.  The  cold  Labrador  Current  shows  up  as  a  pale  zone  along  the  coast,  in 
contrast  to  the  darker,  marginally  warmer  water  offshore.  A,  B,  and  Care  the  positions  of  concentrations  of  red  phalaropes 
at  the  fronton  the  outer  edge  of  the  Current  in  July  and  August.  (From  Brown,  7980,  based  on  NOAA  satellite  imagery) 
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those  of  the  species  traditionally  studied  by  marine 
biologists.  In  fact,  they  play  a  significant  role  in 
marine  communities,  in  the  sense  that  they  have  a 
considerable  impact  on  marine  production.  There 
have  been  two  attempts  to  model  the  flow  of  energy 
through  marine  communities  and  up  to  seabirds.  In 
one,  the  seabird  population  of  the  Shetlands  was 
estimated  to  be  taking  29  percent  of  the  fish 
produced  in  the  northern  North  Sea.  In  the  other 
study,  the  breeding  and  nonbreeding  seabirds 
present  off  Oregon  during  the  summer  were 
estimated  to  eat  22  percent  of  the  annual 
production  of  small  pelagic  fish  in  the  inshore  zone; 
4.4  million  seabirds  were  catching  39,700  tons  of 
prey.  This  is  at  least  partly  a  two-way  process 
because  the  birds  put  back  30  percent  of  the  energy 
content  of  their  food  as  feces,  much  of  it  going 
directly  back  into  the  sea.  There  are  claims  that 
these  nutrients  significantly  enhance  the 
production  of  phytoplankton  in  the  vicinity  of 
seabird  colonies,  though  this  has  been  disputed. 
Such  effects  are  probably  not  very  important  in  a 
generally  enriched  area  like  the  California 
upwelling  system  off  Oregon.  On  the  other  hand, 
they  might  well  make  a  significiant  contribution  to 
production  around  colonies  in  relatively  barren 
tropical  seas. 


Sharing  the  Resource 

Twenty  percent  is  a  significant  fraction  of  a  resource 
that  must  be  shared  among  seabirds  and  all  the 
other  predators  at  their  trophic  level  —  marine 
mammals,  large  fish  and,  above  all,  fishermen.  We 
already  take  50  percent  of  the  pelagic  fish 
production  in  the  northern  North  Sea,  and  it  is 
obvious  that  any  increase  in  our  harvest  will  affect 
our  fellow  predators.  Sooty  shearwaters,  one  of  the 
dominant  seabirds  off  Oregon,  take  23,000  tons  of 
anchovies —  tour  times  the  present  harvest  by 
fishermen;  they  would  inevitably  be  the  losers  if  the 
fishery  were  to  expand. 

What  happens  in  such  cases  is  dramatically 
illustrated  by  recent  events  in  Peru  (see  Oceanus , 
Vol.  21,  No.  4,  p.  40).  The  country's  principal  marine 
export  used  to  be  guano,  dung  from  the  very  large 
colonies  of  guanay  cormorants,  piquero  boobies, 
and  Peruvian  pelicans  which,  in  turn,  had  been 
feeding  on  superabundant  anchovies  (Figure  8). 
Anchovy  numbers  in  the  Peru  Current  have  always 
fluctuated  erratically.  Every  decade  or  so,  for 
reasons  that  are  not  clear,  an  El  Nino  event  occurs, 
which  is  an  invasion  of  warm  tropical  water  from 
farther  north.  Anchovy  numbers  decline  sharply 
and  consequently  there  is  mass  mortality  in  the 


Figure  8.  Pelicans,  cormorants,  and gannets  on  island  off  the  coast  of  Peru.  The  droppings  (guano)  of  the  birds  are  rich  in 
nitrate  for  fertilizer.  Their  sole  food  is  the  anchoveta. 
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guano  bird  colonies.  Normally  the  populations  of 
both  fish  and  birds  build  up  again  quickly  once  the 
warm  water  disappears.  In  the  early  1960s,  however, 
it  became  more  profitable  to  take  the  anchovies 
directly,  to  use  as  fishmeal,  and  a  very  large  fishery 
developed  which,  by  1970,  was  catching  20  percent 
of  the  weight  of  all  the  fish  landed  in  the  world.  It 
was  even  suggested  that  if  all  the  birds  were  killed 
off,  the  value  of  the  extra  fish  that  could  be  caught 
would  be  at  least  three  times  that  of  the  lost  guano. 
(Fortunately,  this  idea  was  never  put  into  practice.) 
Then,  in  1971-1972  there  was  an  El  Nino  event  and 
the  combination  of  this  and  massive  overfishing 
pushed  the  anchovy  population  down  to  a  very  low 
level  from  which  it  has  not  recovered.  The  guano 
bird  population  dropped  from  about  15  million 
birds  to  less  than  1  million  by  1977  and  the  guanay, 
the  most  dependent  on  anchovies  and  formerly  the 
dominant  species,  became  the  rarest. 

This  is  what  we  may  expect  to  happen  as  man 
turns  more  and  more  to  harvesting  small  pelagic 
fishes  such  as  capelin,  sand  lance,  polar  cod,  and 
the  various  species  of  anchovy,  as  well  as  Antarctic 
krill  Euphausia  superba,  which  are  central  to  the 
food  webs  of  seabirds,  whales,  seals,  and  much  else 
in  the  oceans.  The  difficulty  is  that  too  little  is  known 
of  the  population  dynamics  of  such  species  for  us  to 
calculate  the  maximum  sustainable  yield  the  stock 
can  bear.  In  the  case  of  the  Antarctic  krill,  we  do  not 
even  know  the  size  of  the  population. 
Unfortunately,  considerations  such  as  these  have 
never  prevented  us  from  going  ahead  and 
harvesting  the  stock  anyway,  as  the  disastrous 
history  of  so  many  fisheries,  from  anchovies  to 
whales,  has  shown  time  and  again.  Even  if  all  these 
things  were  known,  and  the  proportion  of  the  stock 
to  be  harvested  set  at  an  acceptable  level,  the 
predators  competing  with  man  would  still  be  at  a 
disadvantage.  Gross  estimates  of  population  size 
take  no  account  of  the  local  variations  in  density  so 
important  to  seabirds  and  other  marine  animals.  Yet 
man,  as  a  fisherman,  is  a  marine  animal  himself,  and 
he  too  has  to  exploit  areas  where  he  can  forage  most 
economically.  He  does  so  with  such  efficiency 
nowadays  that  in  a  competition  of  this  kind  there 
can  be  only  one  winner. 

Richard  C.  B.  Brown  is  a  research  scientist  with  the 
Canadian  Wildlife  Service's  Seabird  Research  Unit  at  the 
Bedford  Institute  of  Oceanography,  Dartmouth,  Nova 
Scotia. 
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Some  Mid  water  Fishes 

a  picture  essay 


Drawings  by  Martha  Howbert 


Argyropelecus  aculeatus, 
46  mm 


I  hese  fishes  are  examples  of  species  that  live  in  the  upper 
half  mile  of  the  deep  ocean.  None  have  "common"  names 
simply  because  few  people  have  come  in  contact  with  them. 
Though  sparsely  dispersed,  many  are  very  numerous  since 
they  occur  over  more  than  half  of  the  earth's  surface.  Their 
environment  is  dimly  lit,  but  far  from  dark,  with  much  of  the 
light  being  produced  by  the  animals  themselves.  Many 
species  thus  have  large,  sensitive  (sometimes  tubular 
shaped)  eyes.  Most  are  small  (one  to  several  inches  in  length) 
but  all  are  predatory  --  those  with  large  mouths  and  teeth 
generally  feed  on  crustaceans  and  other  fishes,  those  with 
tiny  mouths  bite  off  small  chunks  of  larger  animals. 
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Opisthoproctus  grimaldii,  16  mm 


. 

*  :*-^     - 


Margrethia  obtusirostra,  37  mm 


Aristostomias  xenostoma,  49  mm 


Lestidiops  jayakari,  25  mm 


Ichthyococcus  ovatus,  37  mm 


Stylephorus  chordatus,  75  mm 


Sternoptyx  pseudobscura,  22  mm 


Dolichopteryx  longipes,  51  mm 


Bolinichthys  photothorax,  37  mm 
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Rhynchohyalis  natalensis,  64  mm 


Leptostomias  bermudensis,  76  mm 


Opisthoproctus  soleatus,  14  mm 


*    *    •    *     * 


Valenciennellus  tripunctulatus,  28  mm 
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Aquatic  Plan 
Ventilate 


by  John  W.H.  Dacey 


vJxygen  is  a  basic  requirement  in  the  metabolism 
of  all  higher  organisms.  We  have  studied  the 
physiological  problems  of  oxygen  stress  associated 
with  underwater  diving  in  marine  mammals  and 
birds,  and  we  have  an  understanding  of  the 
metabolism  of  aquatic  vertebrates  and 
invertebrates  living  in  low  oxygen  (O2) 
environments.  But  we  have  focused  very  little 
attention  on  the  rooted  aquatic  plants,  which  have  a 
large  part  of  their  biomass  permanently  buried  in 
soils  where  there  is  no  oxygen.  The  roots  of  these 
plants  must  endure  the  complete  absence  of 


oxygen  and  the  presence  of  a  variety  of  plant  toxins. 
These  conditions  can  have  a  severe,  often  fatal, 
impact  on  poorly  adapted  plants. 

Readers  are  most  familiar  with  the 
above-ground  portions  of  the  plants,  but  it  is  the 
below-ground  portions  that  can  dominate  their 
biomass.  This  is  true  of  many  terrestrial  plants,  and 
is  especially  true  of  aquatic  ones.  As  much  as  60 
percent  of  the  biomass  of  the  salt  marsh  grass  and  80 

Above,  tidal  creek,  Parker  River  National  Wildlife  Refuge, 
Massachusetts.  (Photo  by  Laurence  Pringle,  PR) 
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percent  of  the  biomass  of  eelgrass  and  certain 
freshwater  plants  may  lie  below  ground.  This 
below-ground  biomass  serves  a  number  of 
important  functions.  It  anchors  the  plants  in  the 
substrate,  absorbs  nutrients  from  the  soil,  and  in 
most  cases,  also  serves  as  a  means  of  vegetative 
reproduction  and  overwintering.  The 
below-ground  organs  are  alive,  and  require 
maintenance  energy:  they  must  respire  to  survive. 

In  terrestrial  soils,  aeration  usually  allows  an 
adequate  supply  of  oxygen  to  reach  the  buried  root 
tissues  so  respiration  can  continue.  Oxygen 
diffuses  from  the  atmosphere  through  the  pore 
spaces  in  the  soil  to  the  sites  of  depletion  where  the 
O2  is  consumed  by  bacteria  and  plant  roots 
(Figure  1).  Efficient  aeration  allows  healthy  root 
development. 

In  waterlogged  soils,  the  interstitial  pores  are 
filled  with  water.  The  diffusion  of  oxygen  through 
the  pores  slows  to  a  rate  one  ten-thousandth  the 
rate  in  a  similar  nonflooded  soil.  Oxygen 
concentrations  in  the  soil  fall  to  zero  as  a  result  of 
respiration  by  bacteria  and  plants.  The 
disappearance  of  oxygen  precipitates  some  very 
significant  changes  in  soil  chemistry.  The 
populations  of  soil  bacteria  shift  to  those  which  can 
respire  without  oxygen  (anaerobes),  and  the  end 
products  of  their  metabolism  result  in  increased 
concentrations  of  toxic  acids  and  gases  such  as 
hydrogen  sulfide  (H2S).  Despite  these  apparent 
adversities,  the  grasses  inhabiting  salt  marshes 
dominate  one  of  the  world's  most  productive 
natural  plant  communities. 


Figure  7.  In  well-aerated  soils,  oxygen  diffuses  from  the 
atmosphere  through  the  pores  of  the  soil  to  the  roots. 


To  survive  these  conditions,  flood-tolerant 
plants  have  developed  biochemical  and 
morphological  adaptations.  In  some  cases, 
biochemical  mechanisms  allow  plants  to  respire  for 
prolonged  periods  anaerobically  (without  oxygen) 
by  means  of  fermentation.  Thus  the  plants  can 
continue  their  basic  metabolism  without  O2,  but 
only  with  limited  efficiency. 

Morphologically,  aquatic  plants  typically 
have  large  internal  gas  spaces,  which  allow  oxygen 
to  be  transported  within  the  plant  to  the  buried 
roots.  With  this  internal  O2  supply,  the  roots  can 
breathe  aerobically,  even  though  their  environment 
is  anaerobic.  This  oxygen  transport  generally  has 
been  thought  to  occur  by  diffusion,  and  the 
potential  for  internal,  accelerated  gas  flows 
(through  ventilation)  has  been  virtually  ignored. 
However,  recent  work  has  shown  that  some  plants 
take  advantage  of  physical  attributes  of  their 
environment  and  operate  a  flow-through 
ventilation  system  in  these  gas  spaces,  where  fresh 
air  is  forced  through  the  buried  roots. 

Biochemical  Adaptations 

All  living  cells  respire,  and,  for  at  least  short  time 
intervals,  they  are  all  able  to  do  so  anaerobically.  In 
aerobic  respiration ,  oxygen  is  reduced  to  water.  In 
anaerobic  respiration,  oxygen  is  absent,  so  some 
other  compound  must  be  reduced.  All  organisms 
reduce  organic  compounds  (usually  pyruvate)  in  a 
process  known  as  fermentation  (Figure  2).  The  end 
products  of  fermentation  depend  on  the  organism 
and  its  physiological  state.  In  yeast,  for  example,  the 
end  product  of  fermentation  is  ethanol.  In 
mammals,  the  end  product  is  lactate. 

When  a  plant  is  placed  in  an  anaerobic 
environment,  one  of  the  first  fermentative  end 
products  is  ethanol.  Excessive  accumulation  of 
ethanol  can  lead  to  membrane  destruction  by 
solubilizing  lipids,  which  is  ultimately  fatal  to  the 
plant.  If  the  plant  is  to  survive  while  producing  only 
ethanol  during  fermentation,  the  ethanol  must  be 
allowed  to  leave  the  plant,  as  occurs  in  rice.  This  loss 
of  ethanol  or  other  fermentative  end  products  is  an 
energetic  expense,  since  the  plant  loses 
photosynthetically  fixed  carbon. 

Many  flood-tolerant  plants  switch  the 
metabolic  pathways  in  their  roots  during  flooding  to 
minimize  the  accumulation  of  ethanol,  producing 
instead  some  other,  less  toxic  end  product,  such  as 
malate  or  lactate.  The  capacity  of  individual  plants  to 
make  this  metabolic  adjustment  is  significantly 
influenced  by  their  history.  Irises  grown  in  dry  soils 
show  no  ability  to  alter  their  fermentation  pathways 
when  suddenly  flooded,  and  they  quickly  die 
because  of  ethanol  accumulation.  Plants  of  the 
same  species  that  are  acclimated  to  moister  soils 
survive  the  flooding  because  they  quickly  switch  to 
the  production  of  malate  as  a  fermentative  end 
product. 
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Figure  2.  Respiration:  In  the  presence  of  oxygen, 
carbohydrates  are  respired  completely  to  carbon  dioxide 
and  water.  Without  oxygen,  fermentation  leads  to 
incomplete  degradation.  In  poorly  adapted  plants, 
fermentation  produces  large  quantities  of  ethanol,  which 
is  toxic  at  high  concentrations.  The  fermentation  pathways 
in  well-adapted  plants  shift  to  the  production  of  less  toxic 
end  products  such  as  malate  and  lactate. 

These  end  products  cannot  be  allowed  to 
accumulate  indefinitely:  they  must  be  either 
excreted  into  the  environment  or  transported  from 
the  roots  to  the  leaves  where  they  can  be 
reoxidized.  The  transport  of  malate  from  the  roots 
to  the  leaves  has  been  documented  in  certain  trees 
in  flooded  soils.  We  have  only  a  preliminary 
knowledge  of  the  physiological  and  ecological 
aspects  of  these  biochemical  processes  as  they 
pertain  to  the  survival  of  salt  marsh  grasses  in 
anaerobic  conditions. 

Fermentation  is  not  the  best  long-term 
solution  to  the  problems  associated  with  flooding. 
Aerobic  respiration  is  much  more  energetically 
efficient  for  the  plant,  generating  from  the  same 
carbohydrate  source  several  times  more  usable 
energy  than  fermentation.  Furthermore,  the  end 
products  are  carbon  dioxide  (CO2)  and  water,  rather 
than  toxins. 

Morphological  Adaptations 

The  much  higher  efficiency  of  aerobic  respiration 
suggests  that  the  delivery  of  oxygen  to  the  roots 
would  be  a  better  solution  to  the  problem  of  life  in 
an  anaerobic  environment.  Since  oxygen  can  be 
transported  internally,  an  aerobic  atmosphere 
within  the  plant  is  maintained. 

The  development  of  an  extensive  system  of 
intercellular  gas  spaces  called  lacunae  is  a 
widespread  adaptation  among  aquatic  vascular 
plants.  These  gas  spaces  may  fill  more  than  70 
percent  of  the  volume  of  plant  tissue.  Roughly  60 
percent  of  the  volume  of  marsh  grass  roots  is  gas 
(Figure  3).  These  lacunae  usually  allow  the  free 
movement  of  gas,  with  less-permeable 
constrictions  at  intervals  within  the  lacunar  network 
to  maintain  structural  integrity  and  to  restrict  water 


Figure 3.  Cross  sections  through  Spartina  alternifloraaf 
various  locations  in  the  plant.  The  large  open  areas  are 
lacunae:  (a)  root,  60  percent  gas,  7  mm  diameter  (b) 
rhizome,  50  percent  gas,  3  mm  diameter,  and  (c)  shoot,  40 
percent  gas,  2  mm  diameter. 
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invasion  into  damaged  tissues.  Unlike 
fermentation,  there  does  not  appear  to  be  any 
metabolic  expense  associated  with  gas  transport  in 
the  lacunar  spaces. 

Almost  all  studies  have  assumed  that  the 
lacunar  gas  mixture  is  static,  with  oxygen  diffusing 
from  regions  of  relative  abundance  in  leaves  to  the 
roots  where  it  is  consumed  in  respiration.  This 
diffusive  transport  mechanism  has  been  confirmed 
repeatedly  on  the  basis  of  observed  concentration 
gradients:  the  oxygen  concentration  is  highest  in 
the  above-ground  portions  of  the  plant  and  lowest 
in  the  roots.  Conversely,  carbon  dioxide  is  highest 
in  the  roots,  and  lowest  in  the  leaves  (Figure  4). 

The  static  models  do  not  allow  for  the 
possibility  of  ventilation  occurring  in  the  internal 
gas  spaces.  Given  the  severity  of  the  anaerobic 
environment  in  the  flooded  soils  and  the  large 
quantity  of  buried  plant  tissue,  plants  that  have 
efficient  means  of  ventilating  the  buried  roots 
will  have  a  better  chance  of  surviving.  Any 
mechanism  that  causes  a  pressure  change  in  the  gas 
phase  has  the  potential  of  forcing  a  mass  flow  of  gas, 
potentially  greatly  increasing  the  transport  of 
oxygen  to  the  roots.  Such  mass  ventilation  requires 
work,  so  searching  for  potential  mechanisms  for 
ventilation  in  plants  amounts  to  a  search  for  the 
agents  capable  of  performing  the  work. 

There  may  be  some  as  yet  unknown  means  by 
which  plants  biochemically  transport  gases. 


Figure  4.  The  static  gas  model  assumes  gases  diffuse  within 
the  lacunae  of  the  plants,  with  oxygen  diffusing  from  the 
atmosphere,  and  soil  gases  (carbon  dioxide,  methane, 
hydrogen  sulfide)  diffusing  from  the  roots  to  the 
atmosphere. 


However,  there  may  be  no  need  for  plants  to  waste 
energy  through  such  biochemical  mechanisms.  We 
know  of  at  least  four  physical  processes  that  may 
perform  the  work  needed  for  ventilation  without 
requiring  extra  energetic  expense  to  the  plant.  All  of 
these  mechanisms  probably  operate,  at  least  to 
some  extent,  under  the  conditions  described, 
although  their  significance  depends  on  a  great 
many  factors.  The  first  two  mechanisms  presented 
here  involve  gas  exchanges  that  occur  underwater. 
The  latter  two  are  associated  with  exchanges  that 
take  place  above  the  surface,  between  the  plant  and 
atmosphere. 

Tidal  Ventilation.  Tides  may  perform  the 
work  needed  for  ventilation.  This  idea  was  raised  in 
1900,  but  since  no  evidence  has  been  uncovered,  it 
has  been  largely  ignored.  The  mechanism  depends 
on  the  varying  hydrostatic  pressure  associated  with 
the  tidal  cycle.  The  increasing  pressure  of  the 
incoming  tide  is  thought  to  compress  the  lacunae  of 
the  roots  slightly,  forcing  gas  out  of  the  roots  to  the 
atmosphere  (Figure  5).  When  the  tide  recedes,  the 
root  tissues  expand  to  their  original  shape  because 
of  the  decreasing  hydrostatic  pressure.  This 
expansion  would  create  a  relative  vacuum  in  the 


Figures.  Tidal  pumping.  The  increased  hydrostatic 
pressure  of  the  incoming  tide  tends  to  compress  the 
flexible  root  tissues,  forcing  air  from  the  roots  through  the 
lacunae  to  the  leaves  and  atmosphere.  The  receding  tide 
allows  the  roots  to  return  to  their  initial  volume,  pulling  air 
back  into  the  roots  from  the  leaves. 
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lacunae,  drawing  air  into  the  plant  from  the 
atmosphere.  The  buried  gas  spaces  therefore  would 
act  as  a  pump,  with  alternate  inspiration  and 
expiration  of  air.  Presumably  the  slowdown  in  rate 
of  oxygen  supply  during  the  compression  phase 
would  be  endured  by  fermentation  metabolism, 
with  the  fermentative  end  products  being  oxidized 
when  oxygen  was  abundant  once  again  in  the  roots 
during  the  expansion  phase. 

Apparently,  the  only  study  that  addressed 
this  mechanism  focused  on  mangroves,  trees  living 
in  the  tidal  waters  of  the  tropics.  Mangroves  have 
developed  bizarre  morphological  adaptations  to 
their  flooded  environment:  extensive  systems  of 
aerial  prop  roots  and  "knees"  whose  primary 
function  apparently  is  to  accelerate  the  aeration  of 
the  below-ground  tissues  (Figure  6).  Scholander 
and  others  thought  that  the  knees  of  the  black 
mangrove  Avicennia  would  be  a  good  place  to 
measure  the  potential  effect  of  tidal  pumping.  The 
incoming  tide  effectively  isolated  the  internal  gas 
spaces  from  the  atmosphere  as  soon  as  it  covered 
the  tops  of  the  knees,  and  it  was  expected  that  the 
internal  gas  pressures  would  increase  with  the 
continually  rising  tide.  However,  the  internal  gas 
pressure  immediately  began  decreasing,  disproving 
the  idea  that  a  tidal  pumping  mechanism  was  at 
work. 

Underwater  Gas  Exchange.  Although  the 
mangrove  study  failed  to  verify  the  idea  of  tidal 
ventilation,  it  led  to  the  discovery  of  another 
mechanism:  that  underwater  exchanges  between 
the  internal  gas  phase  and  the  dissolved  gases 
around  the  plant  may  lead  to  mass  flows.  In  the 
study,  there  was  a  loss  of  gas  from  the  plants,  which 
caused  more  air  to  be  pulled  from  the  atmosphere 


into  the  plant,  accelerating  the  oxygen  supply 
(Figure?). 

Respiration  in  the  mangrove  knees 
consumed  oxygen  and  produced  carbon  dioxide. 
Carbon  dioxide  is  a  highly  soluble  gas,  so  a 
significant  percentage  of  it  diffused  out  into  the 
water  surrounding  the  plant.  The  escape  of  CO2 
molecules  was  not  balanced  by  the  inward  diffusion 
of  other  molecules,  which  resulted  in  a  loss  of  gas 
molecules  from  the  lacunae:  a  decrease  in  total  gas 
pressure.  This  decline  in  gas  pressure  continued 
throughout  the  entire  flooding  cycle  until  the  knees 
were  exposed  to  the  atmosphere.  As  the  knees  once 
again  projected  into  the  atmosphere,  the  slight 
vacuum  in  the  lacunae  dissipated  as  air  flowed  en 
masse  from  the  atmosphere  through  the  pores  in 
the  knees.  The  physiological  significance  of  this 
mechanism  is  probably  minor,  since  each  volume  of 
carbon  dioxide  lost  is  replaced  by  an  equal  volume 
of  air,  which  is  only  21  percent  oxygen. 

In  recent  studies  with  waterlilies,  the  gas 
tended  to  flow  in  the  opposite  direction,  from  the 
roots  to  the  atmosphere,  since  the  underwater 
exchanges  of  gas  resulted  in  an  increase  in  internal 
gas  pressure.  The  pressures  reached  20  percent 
greater  than  ambient  when  the  surface  leaves  were 
absent  during  winter,  or  when  all  the  surface  leaves 
were  removed  in  summer.  The  pressurization  in  the 
lacunae  of  the  roots  and  rhizomes  (buried  stems) 
could  cause  periods  of  spontaneous  bubbling  from 
new  leaves  growing  toward  the  lake  surface 
(FigureS).  Presumably  this  pressurization  tends  to 
continue  even  with  leaves  at  the  lake  surface,  but 
the  pressure  remains  low  since  the  surplus  gas  is 
vented  to  the  atmosphere  through  the  emergent 
leaves.  Flow  in  this  direct  ion  does  not  help  the  plant 


Figure  6.  Mangroves, 
showing  their  extensive 
system  of  knees  projecting 
above  the  water  surface  to 
allow  gas  exchange  with 
the  atmosphere. 
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Figure  7.  Underwater  gas  exchange.  The  consumption  of 
oxygen  in  respiration,  together  with  the  production  and 
subsequent  loss  of  carbon  dioxide  from  the  roots  tends  to 
reduce  the  total  gas  pressure  in  the  below-ground  tissues. 


deliver  oxygen  to  the  roots:  it  tends  to  push  any  O2 
diffusing  into  the  plant  back  out  to  the  atmosphere. 
Waterlilies  have  evolved  another  mechanism  to 
overcome  this  handicap. 

Air/Plant  Gas  Exchange:  The  Influence  of  Air 
Temperature.  Waterlilies  are  the  first  documented 
example  of  a  flow-through  ventilation  system  in 
plants.  Air  is  pumped  from  the  atmosphere  through 
young  leaves  down  to  the  rhizomes  and  back  up  to 
the  atmosphere  through  old  leaves  (Figure  9).  The 
system  also  has  a  purely  physical  basis  that  can  be 
explained  in  terms  of  a  kinetic  theory  of  gases. 

Air  temperature  influences  both  the  rate  of 
molecular  motion  and  the  number  of  molecules  in  a 
unit  volume  of  gas.  These  temperature  effects  cause 
the  gases  to  diffuse  through  a  porous  partition  from 
the  cooler  side  faster  than  from  the  warmer  side  in  a 
process  known  as  thermal  transpiration.  In 
waterlilies,  this  process  results  in  pressurization  of 
the  gases  in  the  youngest  emergent  leaves,  which 
during  daylight  are  warmer  than  the  atmosphere. 
Evaporation  of  water  into  the  gas  spaces  of  these 
leaves  also  causes  a  pressure  build-up  inside  the 
leaves.  The  porosity  of  these  young  leaves  is  so  low 
that  the  pressure  differentials  are  not  dissipated  by 
mass  flow  of  gas  back  through  the  pores  of  the  same 
leaves  to  the  atmosphere.  However,  the  gas  spaces 


Figure  8.  In  waterlilies,  the  rapid  flux  of  methane  into  the 
roots  from  the  soil  tends  to  pressurize  the  lacunar  gases. 
When  newly  emerging  leaves  are  torn,  there  may  be  a 
sustained  stream  of  bubbles  as  the  pressurized  gas  escapes 
from  the  rhizome. 


in  the  pressurizing  leaves  are  continuous  with  the 
more  porous,  older  leaves  on  the  rhizome,  so  that 
the  pressurized  air  in  the  young  leaves  escapes  to 
the  atmosphere  by  flowing  down  to  the  rhizome 
and  up  through  the  leaky  leaves. 

The  pressures  observed  in  waterlilies  are  very 
low  (no  more  than  0.2  percent  greater  than 
ambient),  but  they  are  sufficient  to  drive  internal 
winds  of  1  centimeter  per  second.  In  waterlilies,  this 
ventilation  on  a  sunny  summer  day  replaces  the 
rhizome  gas  volume  with  air  roughly  five  times, 
carrying  several  liters  of  oxygen  from  the 
atmosphere  to  the  rhizome. 

The  important  feature  of  plant  morphology 
that  allows  the  pressurization  is  the  limited  porosity 
of  the  influx  leaves.  If  the  young  leaves  of  other 
plants  meet  that  requirement,  and  it  their  internal 
gas  spaces  are  continuous  with  the  older,  more 
porous  leaves,  then  a  similar  flow-through  may 
occur  (Figure  10). 

Air/Plant  Gas  Exchange:  The  Influence  of 
Wind  Velocity.  Another  possible  ventilation 
mechanism  involves  the  exploitation  of  velocity 
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Figure  9.  The  lacunar  system  of  the  yellow  waterlily  constitutes  a  flow-through  ventilation  system.  Air  enters  the  influx 
leaves  against  a  small  pressure  gradient  as  a  result  of  temperature  and  water  vapor  gradients,  then  flows  en  masse  down  to 
the  rhizome  and  back  up  to  the  atmosphere  through  efflux  leaves. 
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Figure  10.  Lower  porosity  of  the  youngest  leaves  on  the 
youngest  shoots  may  force  similar  air  currents  through 
other  plants  such  as  marsh  grasses. 


gradients  in  the  wind  around  the  plant,  called 
Venturi  flow.  Gas  pressure  at  a  surface  is  decreased 
when  the  gas  flows  parallel  to  the  surface.  This 
principle  is  employed  in  airplane  flight  —  air  flows 
faster  over  the  upper  side  of  the  wing,  thereby 
lowering  the  pressure  relative  to  the  lower  side,  and 
lifting  the  plane. 

Two  porous  surfaces  exposed  to  different 
wind  speeds  and  connected  by  a  continuous  gas 
space  would  support  a  continuous  mass  flow.  The 
gas  would  flow  through  the  spaces  from  the  surface 


exposed  to  the  lower  velocity  toward  the 
high-velocity  surface.  This  mechanism  has  been 
shown  to  ventilate  the  tunnel  systems  of  prairie 
dogs  (Figure  11).  The  prairie  dogs  deliberately 
maintain  the  openings  of  their  tunnels  at  various 
elevations  above  the  general  surface  of  the  prairie. 
The  taller  openings  are  exposed  to  higher  wind 
velocities,  and  therefore  lower  pressures.  As  a 
result,  air  flows  into  the  lower  openings,  through 
the  tunnels  and  out  the  taller  openings. 

Recent  workers  have  postulated  that  similar 
gradients  across  the  surfaces  of  individual  leaves 
may  lead  to  small-scale  circulation  patterns  within 
the  leaves.  Such  internal  flows  would  certainly  have 
physiological  significance  in  that  they  influence  the 
rates  of  water  loss  and  carbon  dioxide  supply. 
However,  flows  occurring  within  individual  leaves 
cannot  be  expected  to  influence  oxygen  transport 
to  the  roots.  We  are  studying  the  possibility  of 
ventilation  in  salt  marsh  grasses  operating  in  a 
manner  analogous  to  prairie-dog  tunnels.  The 
leaves  of  individual  plants  are  exposed  to  a  range  of 
wind  conditions.  Given  that  leaves  tend  to  align 
parallel  with  the  wind,  it  seems  likely  that  pressure 
differentials  within  the  plant  might  ensue.  Such 
pressure  differences  would  be  extremely  small,  but 
they  may  force  a  physiologically  significant  flow 
through  the  plant  (Figure  12). 

The  Importance  of  Research 

The  survival  of  plants  ultimately  depends  on  how 
well  they  adapt  to  their  environment.  Many  aquatic 
plants  have  developed  aeration  mechanisms  that 
minimize  the  problems  associated  with  growth  in 
anaerobic  soils.  The  principles  outlined  here 
underscore  the  importance  of  doing  research  on 
whole  plants  in  their  natural  habitats.  This  research 
requires  that  we  view  the  whole  plant  as  a  unit, 


Figure  77.  Prairie-dog 
tunnel  ventilation.  The 
taller  tunnel  openings  are 
exposed  to  higher  wind 
velocities  which  draw  air 
from  the  lower  openings 
through  the  tunnel 
network.  (After  Vogel, 
1978) 
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Figure  72.  The  leaves  tend  to  align  parallel  with  the  wind. 
The  taller  leaves  are  exposed  to  higher  wind  velocities  and 
therefore  their  lacunar  gas  pressures  are  likely  to  be  lower 
than  those  in  the  shorter,  less  exposed  leaves. 


rather  than  focusing  on  individual  parts. 
Furthermore,  most  natural  forces  are  severely 
reduced  in  the  laboratory  environment. 
Experiments  conducted  in  the  controlled 
conditions  of  the  laboratory  are  critical  to  our 
understanding  of  the  capabilities  of  plants,  but  we 
should  apply  these  results  to  the  field  only  with 
caution. 

Documentation  of  the  ventilation  system 
requires  very  precise  measurements.  Perhaps  the 
most  revealing  data  will  come  from  the  distribution 
of  gases  within  the  plant.  It  was  the  distribution  of 
sediment-derived  methane  in  the  waterlily  that  led 
to  the  discovery  of  its  ventilation  system.  Methane 
entering  the  roots  was  swept  from  the 
below-ground  lacunae  up  toward  the  atmosphere 
through  the  efflux  leaves. 

There  are  a  number  of  external  forces 
capable  of  driving  ventilation  in  plants,  and  it  is 
consistent  with  nature's  economy  that  the  plants 
take  advantage  of  them.  The  first  two  mechanisms 
described  here  (tidal  ventilation  and  underwater 
gas  exchange)  could  add  small  but  potentially 
significant  increments  to  a  plant's  capacity  to  deliver 
oxygen  to  its  roots.  Flows  resulting  from  the  latter 
two  mechanisms,  where  gas  is  exchanged  between 
the  plant  and  the  atmosphere,  would  be  especially 
significant  since  they  drive  flow-through  ventilation 
and  can  therefore  deliver  large  quantities  of  oxygen 
to  the  roots. 


Understanding  the  adaptations  of  aquatic 
plants  to  their  flooded  soils  should  help  explain 
their  high  productivity  in  adverse  conditions,  and 
suggest  approaches  to  the  cultivation  of  crops 
susceptible  to  root  anaerobiosis  in  flooded  or 
poorly  aerated  soils. 
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by  John  M.  Hunt 


Petroleum  is  composed  mainly  of  hydrocarbons 
(molecules  of  carbon  and  hydrogen),  and  forms 
naturally  in  the  earth.  It  includes  a  range  of 
molecular  sizes  from  small  gas  molecules,  such  as 
methane,  ethane,  and  propane,  to  increasingly 
larger  molecules  that  when  refined  form  liquid 
mixtures,  such  as  gasoline,  kerosene,  jet  fuel, 
lubricating  oil,  and  solids  (asphalt,  for  example). 
Petroleum  has  been  known  since  ancient 
times,  but  only  in  this  century  has  man  developed 
the  technological  capability  of  obtaining  the 
enormous  quantities  of  oil  and  gas  now  required  to 
meet  the  energy  demands  of  the  world's  expanding 
economy.  The  earliest  drillers  for  petroleum  were 
the  Chinese  who,  in  digging  wells  for  salt  water, 
frequently  found  petroleum  as  a  by-product.  Often 
the  petroleum  was  burned  in  salt  works  to 
evaporate  the  brine.  By  the  year  1132,  Chinese 
drilling  tools  reached  depths  of  1,000  meters  (3,280 
feet).  Toward  the  end  of  the  18th  century,  oil  fields 
in  Burma  were  producing  about  40,000  tons  of  oil 
annually.  Today  the  world's  requirements  for 
petroleum  are  8  million  tons  (60  million  barrels)  a 
day. 

Petroleum  Originates  from  Organic  Life 

Where  does  all  this  petroleum  come  from,  and  how 
soon  will  we  use  it  all  up?  Oil  and  gas  originate  from 
the  organic  matter  that  is  deposited  in  the 
sedimentary  basins  of  the  continents  and 
continental  margins  of  the  world.  These  basins  are 
shallow  depressions  hundreds  of  square  miles  in 
area  that  intermittently  have  been  covered  with 
seawater  and  now  are  filled  or  are  filling  with 
sediments.  These  sediments  include  1)  sands  and 
clay  muds  that  were  eroded  from  hills  and 
mountains  and  carried  to  the  basins  by  rivers  and 
streams,  2)  lime  (carbonate)  muds  like  those  on  the 
east  coast  of  Florida  that  form  from  the  shell 
material  of  millions  of  marine  organisms, 
3)  chemical  precipitates  such  as  salt,  anhydrite,  and 
chert,  and  4)  organic  matter  that  was  formed  on  the 
continents  and  was  washed  by  rivers  into  the  basins, 
plus  organic  matter  that  formed  in  the  water 
columns  over  the  basins. 


Opposite,  oil  rig  in  the  Gulf  of  Mexico.  (Photo  by  Fritz 
Menle,  PR) 


This  organic  matter  includes  hydrocarbons 
formed  by  living  organisms.  For  example,  trees, 
shrubs,  and  grasses  contain  a  wax  coating  to 
prevent  an  excessive  loss  of  their  water  to  the 
atmosphere.  These  waxes  consist  of  long 
hydrocarbon  chains  containing  an  odd  number  of 
carbon  atoms.  Apple  wax,  for  example,  is 
composed  almost  entirely  of  a  hydrocarbon 
containing  29  carbon  atoms.  Marine  organisms  have 
no  need  for  a  wax  coating  because  they  live  in  a 
water  environment.  They  form  liquid  hydrocarbons 
with  shorter  chain  lengths  (Figure  1).  Other 
hydrocarbons  formed  by  living  systems  are  found  in 
pigments  —  the  yellow  of  carrots  and  the  red  of 
tomatoes.  Some  hydrocarbons  are  formed  in 
sediments  from  the  early  chemical  reduction  of 
non-hydrocarbon  structures.  Thus  cholesterol,  the 
tatty  material  often  detected  in  human  arteries,  is 
reduced  to  cholestane,  a  hydrocarbon  found  in 
crude  oil.  Chlorophyll,  the  green  coloring  matter  of 
plants,  partly  breaks  down  into  two  branched 
hydrocarbons  called  pristane  and  phytane,  both  of 
which  are  common  in  crude  oil. 

These  different  kinds  of  hydrocarbons, 
formed  directly  from  living  organisms,  make  up 
about  10  to  15  percent  of  those  ultimately  found  in 
petroleum,  and  they  prove  without  a  doubt  that 
petroleum  originates  from  organic  life.  The  other  85 
to  90  percent  of  petroleum  comes  from  the  thermal 
alteration  of  organic  matter  that  becomes  buried  in 
the  sediments  (Figure  2).  Because  heat  flows  from 
the  center  of  the  earth  outward,  the  temperatures  in 
a  sedimentary  basin  increase  with  depth.  This 
temperature  increase  is  variable,  but  it  averages 
about  3  degrees  Celsius  (C)  per  hundred  meters  (1 .7 
degrees  Fahrenheit  [F]  per  hundred  feet).  This  heat 
cooks  the  organic  matter  the  same  way  that  an  oven 
cooks  a  roast.  If  the  roast  is  cooked  for  the  proper 
time  at  the  right  temperature,  it  will  turn  brown  and 
yield  an  oily  liquid  —  depending  on  the  fat  content. 
Likewise,  the  organic  matter  of  rocks  turns  brown 
and  yields  oil  depending  on  its  fat  (lipid)  content.  If 
the  roast  is  heated  for  too  long  a  time  at  too  high  a 
temperature,  it  will  turn  black  and  give  off  smoke 
(gases).  In  the  same  manner,  organic  matter  that  is 
buried  very  deep  for  too  long  a  time  will  turn  black 
and  yield  only  gas  (methane).  On  the  other  hand,  if 
the  organic  matter  is  buried  at  a  shallow  depth  and 
not  heated  it  will  remain  for  millions  of  years 
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Figure  1.  Hydrocarbons 
from  living  organisms. 


LIFE 
_J  L_ 


HYDROCARBONS 
IN  MARINE  & 
TERRESTRIAL 
ORGANISMS 


LIPIDS,  PROTEINS 
CARBOHYDRATES 

(BACTERIAL  & 
CHEMICAL  ACTION) 


I 


PETROLEUMS 

(MATURATION) 


,''   KEROGEN 
I 


LIGHT  OIL 


GAS 


METHANE 


HEAVY  OIL 

PYROBITUMENS 

GRAPHITE 


Figure  2.  The  origin  of 
petroleum. 


without  making  any  oil.  Thus  many  rich  oil  shales 
are  simply  source  rocks  of  petroleum  that  have 
never  been  heated  high  enough  to  yield  oil 
naturally. 

Oil  develops  from  organic  matter  in  shales 
and  carbonate  rocks  originally  deposited  as 
fine-grained  muds.  These  rocks  contain  water  in  the 
pores  (openings)  between  rock  grains.  As  these 
sediments  are  buried  deeper,  around  5  to  15 
percent  of  the  oil  migrates  out  into  coarse-grained 
rocks,  such  as  sands  and  conglomerates.  Because 
oil  is  lighter  than  water,  there  is  a  buoyant  pressure 
that  constantly  forces  the  oil  to  move  to  the 
shallower  parts  of  the  rock  in  which  it  has  formed. 
Oil  is  trapped  when  grain  sizes  become  so  small  that 


buoyant  forces  are  insufficient  to  displace  the  water 
in  the  overlying  fine-grained  rock.  Most  oil 
accumulates  either  in  structural  traps  or 
stratigraphic  traps  (Figure  3).  Oil  in  a  structure  is 
trapped  under  an  impermeable  cover,  such  as  a 
dense  shale  or  carbonate  or  a  salt  bed.  In  a 
stratigraphic  trap,  a  change  of  lithology  from  a 
coarse-grained  to  a  fine-grained  sediment  (such  as 
from  sand  to  shale)  is  sufficient  to  trap  the  oil. 

When  a  hole  is  drilled  from  the  surface  into 
an  oil  trap,  the  oil  usually  will  rise  to  the  surface 
because  water  moves  from  deeper  in  the 
sedimentary  basin  through  the  sand  to  push  the  oil 
out.  If  the  oil  is  produced  too  fast,  however,  the 
reservoir  pressure  will  drop  so  low  that  oil  will  no 
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Figure  3.  Typical  oil  reservoirs. 
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longer  rise  to  the  surface.  Then  it  is  necessary  to 
increase  the  pressure  by  injecting  gas  or  water  into 
the  formation.  Also,  too  rapid  production  causes 
the  oil  to  break  into  discontinuous  stringers  which 
no  longer  can  be  removed  because  the  water  in  the 
sand  bypasses  the  oil  instead  of  pushing  it  out. 

Many  people  do  not  realize  that  around  60  to 
70  percent  of  the  oil  in  an  accumulation  is  left  in  the 
ground  even  after  gas  or  water  is  injected  to 
improve  the  recovery.  The  recovery  of  trapped  gas 
is  much  better.  Generally  less  than  10  percent  is  left 
behind. 

Because  the  formation  of  most  petroleum 
requires  elevated  temperatures  and  pressures,  the 
distribution  of  oil  and  gas  in  sedimentary  basins  is 
concentrated  within  a  well-defined  depth  range 
(Figure  4).  This  figure  contains  three  curves  plotted 
against  increasing  subsurface  temperatures 
(equivalent  to  increasing  depths).  The  first  curve  is 
for  the  gases  methane,  ethane,  and  propane.  Some 
biogenic  methane  forms  in  near-surface  sediments 
by  bacteria  that  utilize  carbon  dioxide  and  hydrogen 
present  in  the  sediments.  This  biogenic  methane  is 
estimated  to  account  for  10  to  15  percent  of  the  total 
methane  reserves  in  the  world.  Most  of  the 
methane  and  heavier  gases  are  formed  in  the 
temperature  range  of  100  to  250°C  (212  to  464°F). 
Methane  forms  both  from  the  decomposition  of 
organic  matter  and  from  the  decomposition  of 
previously  formed  oil. 

Over  geologic  time,  petroleum  in  a  reservoir 
is  gradually  changed  to  gas  (Figure  2).  This  change 
happens  because  time  and  temperature  cause  part 
of  the  large  molecules  in  petroleum  to  crack  into 
small  molecules  with  the  remaining  large  structures 
combining  to  form  a  heavy  oil  and  eventually 
pyrobitumen  and  graphite.  Small  molecules  are 
gradually  converted  to  methane.  Graphite  and 


methane  are  the  end  products  of  the  thermal  origin 
and  maturation  of  petroleum.  This  means  that  there 
is  a  sedimentary  floor  for  oil  in  all  basins  below 
which  only  gas  is  found.  This  floor  occurs  in  the 
temperature  range  of  110  to  160°C  (230  to  320°F), 
which  is  equivalent  to  a  depth  range  of  between 
about  2,400  and  7,600  meters  (8,000  and  25,000  feet) , 
depending  on  the  geothermal  gradient.  Although 
gas  and  oil  are  found  at  all  sedimentary  depths,  the 
greatest  quantity  of  gas  is  found  in  basins  at 
subsurface  temperatures  above  110°C. 

The  second  curve  in  Figure  4  is  for 
hydrocarbons  containing  from  4  to  14  carbon 
atoms,  a  range  that  includes  gasoline,  kerosene, 
some  diesel  oil,  and  jet  fuel.  Essentially  all  of  these 
mixtures  are  formed  in  the  temperature  range  of  50 
to  200°C  (122  to  392°F).  The  third  curve  represents 
the  heavy  fractions  of  petroleum  containing 
molecules  with  15  to  40  carbon  atoms.  This  fraction 
includes  the  heavy  gas,  oil,  lubricating  oil,  and 
residuum  ranges.  Most  of  the  hydrocarbons  formed 
directly  by  living  organisms  are  in  this  range,  which 
explains  the  thickness  of  the  curve  at  sediment 
temperatures  below  50°C.  The  bulk  of  these 
hydrocarbons  are  formed  in  the  50  to  150°C  interval, 
with  most  forming  around  100°C.  From  these  curves 
we  know  that  oil  will  be  found  in  young  hot  basins 
or  in  old  cold  basins  as  well  as  in  those  intermediate 
in  temperature  and  age.  Oil  will  not  be  found  in 
young  cold  basins  because  the  temperature  and 
time  have  not  been  sufficient  for  generation.  Also, 
oil  will  not  be  found  in  old  hot  basins  because  it  will 
have  been  converted  to  gas. 

Gas  Reserves 

Just  how  deep  gas  can  be  found  is  conjectural,  but  it 
is  doubtful  that  very  many  economic  reservoirs  exist 
at  temperatures  above  250°C  or  depths  of  more  than 
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11,000  meters  (35,000  feet).  The  floor  for  methane 
gas  accumulation  is  determined  by  several  factors: 
the  greater  ability  of  methane  to  migrate  by 
diffusion  at  high  temperatures  and  pressures,  the 
tendency  of  the  gas  to  react  with  sulfur  compounds 
and  be  destroyed,  and  the  high  solubility  of 
methane  in  deep  basin  waters  which  cause  it  to 
move  out  of  the  reservoir.  Nevertheless,  enormous 
reserves  of  gas  remain  to  be  discovered  in  deep 
sedimentary  basins  at  depths  beyond  4,600  meters 
(15,000  feet).  Because  most  of  the  gas  occurs  deeper 
than  oil,  it  follows  that  the  cost  of  discovering  and 
producing  gas  ultimately  will  exceed  that  of  oil. 
Drilling  costs  increase  exponentially  with  depth 
beyond  about  3,000  meters  (10,000  feet).  As  the 
depth  increases  linearly,  the  cost  increases 
logarithmically. 

The  quantity  of  oil  that  is  trapped  in  any 
particular  pool  or  reservoir  depends  in  part  on  how 
dense  and  widespread  the  cover  on  the  trap  is.  The 
Abqaiq-Ghawar  field  of  Saudi  Arabia,  which  is  the 
largest  oil  field  in  the  world,  has  an  evaporite  (salt) 


cover  that  extends  for  more  than  320  kilometers 
across  the  field.  In  the  Western  Canada  Basin  of 
Alberta  there  is  a  giant  heavy  oil  deposit  known  as 
the  Athabaska  asphalt  which  might  have  exceeded 
the  Arabian  field  in  size  if  it  had  had  an  evaporite 
cover.  Unfortunately,  the  oil  accumulated  at  or  near 
the  surface  where  there  was  no  cover,  and  most  of 
the  oil  evaporated  or  was  destroyed  by  weathering 
and  surface  organisms.  The  remaining  asphalt  is  like 
the  residuum  of  a  refinery  distillation  tower  in 
which  most  of  the  useful  fractions  of  the  oil  have 
been  distilled  off.  Because  of  the  heterogeneity  of 
migration  and  trapping  conditions,  there  are  a  few 
giant  fields  in  the  world  and  literally  thousands  of 
small  fields.  In  1970,  eight  oil  fields  in  the  free  world 
contained  56  percent  of  all  proved  recoverable  oil. 
In  the  United  States  only  about  46  out  of  23 
thousand  fields  contain  36  percent  of  the  country's 
oil  reserves.  The  average  oil  well  in  Saudi  Arabia 
produces  about  10,000  barrels  of  oil  per  day, 
whereas  the  average  well  in  the  state  of 
Pennsylvania  produces  about  11/2  barrels  per  day. 
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How  Long  Will  It  Last? 

How  long  can  we  expect  the  world's  oil  and  gas  to 
last?  It  takes  millions  of  years  to  form,  and  it  is  being 
used  up  at  a  rapid  rate.  Predictions  as  to  when  the 
free  world  will  run  out  of  oil  have  always  proved 
conservative.  New  concepts,  new  ways  of  looking 
tor  oil,  and  new  exploration  areas  frequently  unveil 
much  more  petroleum  than  predicted.  The  problem 
is  complex  because  few  people  realize  how  long  it 
takes  to  define  the  reserves  of  a  large  area  and  how 
long  it  takes  to  develop  oil  in  countries  where 
politics  and  economics  interfere. 

The  first  commercial  oil  field  in  the  Middle 
East  was  discovered  in  1908.  About  35  years  later, 
during  World  War  II,  Middle  East  oil  reserves  were 
estimated  to  be  between  5  and  10  billion  barrels.  In 
1978,  70  years  after  the  first  discovery,  the 
petroleum  reserves  were  estimated  to  exceed  450 
billion  barrels.  It  will  be  20  years  or  more  before  we 
know  the  full  potential  of  areas  such  as  the  North 
Sea,  Alaska,  or  the  Yucatan  Peninsula  in  Mexico. 
The  concept  of  deep  gas,  predicted  early  by 
geochemists,  is  only  now  being  tested.  The 
Tuscaloosa  trend  in  southern  Louisiana  contains 
more  than  160  kilometers  of  gas  fields  at  depths 
beyond  5,500  meters  (18,000  feet)  that  are  only  now 
being  discovered.  The  Overthrust  Belt  in  the  Rocky 
Mountains  is  a  new  trend  that  will  inevitably 
develop  enormous  new  reserves  of  gas.  The  deep 
basin  gas  trend  of  the  Western  Canada  Basin 
extending  from  Alberta  into  British  Columbia  is 
estimated  by  some  to  contain  more  than  300  trillion 
cubic  feet  of  gas,  far  in  excess  of  the  most  optimistic 
estimates  of  reserves  just  a  few  years  ago.  Clearly 
discoveries  like  these  will  continually  change 
estimates  of  petroleum  resources. 


One  of  the  most  revealing  studies  on  this 
subject  was  published  by  a  U.S.  Geological  Survey 
research  geophysicist,  B.  F.  Grossling.  He  pointed 
out  that  about  2!/2  million  exploratory  and 
development  wells  have  been  drilled  in  the  United 
States  compared  to  about  a  half  million  in  the  rest  of 
the  free  world.  Even  the  Middle  East  with  its  huge 
reserves  of  oil  has  less  than  50,000  wells.  The 
sedimentary  basin  area  of  the  rest  of  the  free  world 
is  about  six  times  greater  than  that  of  the  United 
States.  If  this  area  were  as  heavily  drilled  as  sites  in 
our  country,  there  is  no  doubt  that  there  would  be 
enough  oil  or  gas  to  last  until  the  end  of  the  next 
century.  Furthermore,  these  areas  include  only  the 
continents  and  continental  shelves.  If  the 
continental  margins  (slopes  and  rises)  are  added, 
conceivably  the  quantity  of  oil  and  gas  resources 
existing  on  the  continents  and  shelves  could  be 
doubled.  This  addition  would  extend  free-world 
resources  for  at  least  200  years.  Whether  such 
discoveries  will  ever  be  made,  however,  depends 
on  the  politics  and  economics  of  drilling  in 
less-developed  countries  and  offshore  beyond  the 
continental  shelf. 


John  M.  Hunt  is  a  Senior  Scientist  in  the  Chemistry 
Department  of  the  Woods  Hole  Oceanographic 
Institution. 
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Opposite  and  above,  scenes  of  marine  life  on  the  bottom  near  the  Gulf  of  Mexico.  (Photos  by  Al  Grotell) 

Regulating  Oil  and  Gas  Activities 
in  the  Flower  Garden  Banks 


by  Judith  Spiller  and  Alison  Rieser 


me  need  to  exploit  domestic  hydrocarbon  reserves 
and  the  desire  to  protect  unique  marine 
environments  require  that  there  be  agreement  on 
the  methods  of  identifying,  assessing,  and 
minimizing  potential  harm  to  the  environment  from 
oil  and  gas  operations.  Federal  agencies  agree  that 
the  Flower  Garden  Banks  coral  reefs  in  the  Gulf  of 
Mexico  are  a  sensitive  marine  environment  that  can 
be  damaged  by  oil  and  gas  activities,  but  they 
disagree  on  the  extent  of  potential  harm  and  the 
methods  of  reducing  it.  This  disagreement  arises 
because  each  of  the  federal  agencies  responsible 
for  regulating  various  aspects  of  exploratory 
activities  has  relied  on  its  own  body  of  scientific 
research.  Because  their  research  overlaps  and  the 
results  conflict,  regulations  differ. 

The  East  and  West  Flower  Garden  Banks, 
lying  192  kilometers  southeast  of  Galveston,  Texas, 
are  two  in  a  series  of  high  banks  formed  by  salt 
domes  in  the  Gulf  of  Mexico  (Figure  1).  They 
constitute  the  northernmost  occurrence  of 
reef-building  corals  in  the  Gulf  and  support  an 


unusually  diverse  invertebrate  fauna  (Bright  and 
Pequegnat,  1974).  The  Flower  Gardens  are 
important  for  scientists  conducting  research  on 
coral  reef  ecology,  for  commercial  and  sports 
fishermen,  and  for  sport  divers.  Reserves  of  natural 
gas  underlie  this  region,  and  hydrocarbon  activities 
were  initiated  in  1975.  Some  nearby  tracts  are 
actually  in  the  production  phase,  and  the  area 
immediately  around  the  Banks  is  or  will  soon  be 
subject  to  intensive  exploratory  activity. 

Concern  over  the  possible  harmful  effects  of 
drilling  fluids  discharged  during  exploratory  activity 
led  the  Department  of  the  Interior's  Bureau  of  Land 
Management  (BLM),  the  U.S.  Geological  Survey 
(USGS),  and  the  Fish  and  Wildlife  Service  (FWS)  to 
establish  a  "no-activity"  zone  extending  from  the 
crest  of  each  bank  out  to  85  meters,  in  which  oil  and 
gas  operations  would  be  prohibited  (Figures  2  and 
3).  The  BLM,  which  issues  oil  and  gas  leases, 
required  special  biological  surveys  and  other 
operational  conditions  as  part  of  the  stipulations 
attached  to  leases  for  oil  and  gas  tracts  within  3 
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Figure  1.  Hard-bottom  banks  along  the  shelf-edge  break  in 
the  Gulf  of  Mexico.  (After  Bright  and  Pequegnat,  1974) 


Figure  2.  East  Flower  Garden  Bank  showing  85-meter  and 
100-meter  isobaths  and  no-activity  zones  of  the  Bureau  of 
Land  Management  ( -   —)  and  the  National  Oceanic  and 
Atmospheric  Administration  ( - — • — -). 


nautical  miles  of  the  Banks.  In  addition,  the  USGS, 
which  oversees  operations  after  leasing,  called  for 
special  biological  monitoring  or  surveys  as  a 
condition  on  permits  to  drill  issued  to  the  oil 
company  lessees. 


Figure  3.  West  Flower  Garden  Bank  showing  85-meter  and 
100-meter  isobaths  and  no-activity  zones  of  the  Bureau  of 
Land  Management  ( -   —)  and  the  National  Oceanic  and 
Atmospheric  Administration  (  - — • — -  j. 


Subsequently,  the  National  Oceanic  and 
Atmospheric  Administration  (NOAA)  of  the 
Department  of  Commerce  proposed  to  designate 
the  Flower  Garden  Banks  as  a  marine  sanctuary 
under  the  Marine  Protection,  Research,  and 
Sanctuaries  Act  (see  Department  of  Commerce, 
1979).  Designation  of  a  marine  sanctuary  at  the 
Banks  under  NOAA's  rules  would  give  overall 
authority  to  regulate  hydrocarbon  operations  and 
other  selected  activities  to  that  agency.  In  its  draft 
regulations  for  the  proposed  sanctuary,  NOAA  also 
delineates  a  no-activity  zone  in  which  oil  and  gas 
activities  would  be  excluded  and  places  a  boundary 
on  the  sanctuary  of  4  nautical  miles  from  the  crest  of 
each  bank.  Finally,  the  Environmental  Protection 
Agency  (EPA),  has  recently  issued  National  Pollutant 
Discharge  Elimination  System  (NPDES)  permits, 
under  the  Clean  Water  Act,  to  three  oil  companies 
for  the  discharge  of  drilling  effluents  on  tracts 
around  the  reefs  (Figure  4).  These  permits  require 
conformity  to  a  separate  no-activity  zone  as  defined 
by  the  EPA  and  conformity  to  other  operational 
conditions. 

The  restrictions  these  agencies  have 
developed  for  the  exploratory  phase  of  oil  and  gas 
operations  on  the  Outer  Continental  Shelf  are 
intended  to  minimize  the  effects  of  normal 
operating  discharges,  of  which  drilling  fluids, 
commonly  referred  to  as  drilling  muds,  are  the 
major  effluent  of  concern.  Drilling  muds  are  fluids 
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Figure  4.  Boundary  for  proposed  Flower  Garden  Banks 
marine  sanctuary  and  lease  tracts  for  which  National 
Pollutant  Discharge  Elimination  System  permits  have  been 
issued. 


that  perform  a  number  of  essential  functions  in 
drilling,  including  lubrication  of  the  drill  bit, 
prevention  of  blowouts  by  balancing  pressures  in 
the  drill  hole,  and  removal  of  the  ground  portion 
(cuttings)  of  the  formation  being  drilled.  They  are 
commonly  composed  of  bentonite  or  attapulgite 
clay,  barium  sulfate,  ferrochrome  lignosulfonate, 
caustic  soda,  starches,  and  a  variety  of  special 
additives.  In  the  course  of  exploratory  drilling, 
30,000  to  1 ,260,000  gallons  may  be  released  from 
one  well. 

Many  scientists  and  environmentalists  feared 
that  discharges  of  drilling  muds  could  clog  coral 
pores  and  attenuate  light  reaching  the  coral. 
Recently,  attention  has  been  given  to  other  adverse 
effects  associated  with  the  drilling  discharges, 
including  the  potential  for  accumulation  and  the 
biological  transfer  of  toxic  elements  to  corals  and 
other  reef  fauna.  Toxicants  in  the  fluids  include 
cadmium,  lead,  and  mercury  that  may  occur  with 
the  barium  sulfate,  chromium  from  ferrochrome 
lignosulfonate,  biocides,  and  hydrocarbons  from 
deck  washings.  Unfortunately,  data  on  the  levels  of 
these  constituents  in  the  muds  are  limited.  Barium 
sulfate  supplied  to  drilling  operations  is  not 
routinely  analyzed  for  the  presence  of  trace  metals. 
The  composition  of  many  of  the  special  additives  is 
proprietary  and,  therefore,  not  generally  available. 
Also,  during  operations  muds  are  often  mixed  to 
perform  specific  functions  related  to  the  drilling 
depth  and  the  geological  formation  being  drilled. 
The  makeup  of  the  mud  could  be  altered  by  the  high 
temperatures  and  pressures  of  drilling  at  deep 
levels.  Thus,  no  one  mud  can  be  analyzed  in  order 
to  characterize  the  properties  of  actual  drilling 
discharges. 

Bureau  of  Land  Management;  Geological  Survey 

As  stated  earlier,  the  BLM,  USGS,  and  FWS 
established  a  no-activity  zone  bounded  by  the 


85-meter  isobath  around  each  bank.  In  addition,  the 
BLM  and  USGS,  on  the  basis  of  their  own 
information  and  after  consultation  with  the  FWS, 
have  agreed  to  require  shunting  (discharging 
through  a  pipe)  to  within  10  meters  of  the  bottom, 
for  wells  drilled  within  3  nautical  miles  of  the 
85-meter  isobath  and  also  to  require  monitoring  of 
the  discharges  of  wells  within  1  nautical  mile  of  the 
85-meter  isobath  (Figure  5).  The  effectiveness  of 
these  provisions  hinges  on  the  combination  of 
restricting  operations  from  the  living  coral  and  the 
algal-sponge  zone  (Figure  6)  and  the  discharging  of 
potential  toxic  effluents  into  the  nepheloid  layer 
which  in  turn  concentrates  them  along  the  seafloor. 
The  BLM  and  USGS  developed  this  strategy  from 
analyses  of  studies  funded  through  the 
Environmental  Studies  Program  of  the  BLM  and 
monitoring  programs  conducted  by  oil  and  gas 
lessees  at  the  Flower  Garden  Banks  and  other 
hard-bottom  banks  in  the  Gulf  under  the 
requirements  of  the  BLM  or  USGS. 

Investigations  supported  by  the  BLM 
identified  a  nepheloid  layer  at  the  Flower  Gardens 
and,  based  on  three  years  of  current-meter  data  at 
the  East  Flower  Garden  Bank,  identified  strong 
horizontal  stratification  inhibiting  vertical 
movement  (Bright  and  Rezak,  1978).  The  heavy 
constituents  of  the  drilling  discharge,  primarily 
barite  and  larger  particles  of  the  cuttings,  when 
shunted  close  to  the  seafloor,  would  probably 
remain  in  this  nepheloid  layer.  Although  barite 
constitutes  a  significant  portion  of  the  discharge  by 
weight,  it  represents  a  smaller  contribution  by 
volume.  Observations  of  large-volume  releases  of 
drilling  muds  suggest  that  whereas  the  heavier 
components  sink,  the  suspended  particles,  partly 
because  of  their  temperature  on  release,  rise  up, 
forming  plumes  over  wide  areas.  These  particles 
could  then  become  available  to  organisms  such  as 
zooplankton,  which  migrate  through  the  water 
column.  Recent  research  also  indicates  that  other 
density  structures  in  the  Flower  Gardens  region, 
such  as  thermoclines  and  pycnoclines,  trap 
particles.  Storms  also  provide  a  mechanism  for 
redistributing  particles  in  normally  stratified  waters. 
Thus,  suspended  particles  and  soluble  fractions  of 
discharged  drilling  fluids  may  not  be  trapped  in  the 
nepheloid  layer. 

The  results  of  field  monitoring  by  consultants 
on  behalf  of  lessees  (Gettleson  and  Laird,  1980) 
provide  no  satisfactory  answers  to  thefateof  drilling 
fluids  either.  The  sampling  grid  generally  used 
allows  forthedischarges  being  deposited  uniformly 
over  a  limited  area  rather  than  as  clumps  that 
depend  on  the  size  and  weight  of  the  particles  and 
the  existing  current.  Sampling  tended  to  be  greater 
in  the  direction  of  the  reef,  but  results  only 
indicated  the  fate  of  barium  and  not  other 
components  of  the  discharge  which  may  act 
physically,  chemically,  or  biologically  different. 
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Figure  5.  Restricted  activity  zones  at  the  East  and  West 
Flower  Garden  Banks. 


The  operational  restrictions  of  the  BLM  and 
USGS  rely  on  observations  (from  the  studies  just 
discussed)  that  suggest  the  heavy  components  of 
drilling  discharges  do  stay  near  the  bottom  and  that 
barium  is  deposited  close  to  the  point  of  its  release. 
The  issue  of  the  fate  of  the  discharges,  however, 
remains  clouded  by  the  shortcomings  of  the 
required  monitoring  and  the  absence  of  data  on  the 
potential  for  bottom-dwelling  organisms, 
bottom-feeding  fish,  or  species  migrating  in  the 
water  column  to  be  exposed  to  the  discharges  and 
then  to  transfer  them.  More  detailed  hydrographic 
measurements  around  each  reef  are  needed  so  that 
the  behavior  of  the  different  constituents  of  the 
discharge  can  be  modeled.  Field  sampling  then  can 
be  guided  by  these  predictions. 

Environmental  Protection  Agency 

The  permit  conditions  set  by  EPA's  Region  VI 
(Dallas,  Texas)  administrator  reflect  the  agency's 
view  that  there  is  a  lack  of  quantifiable  data  on 
pollutant  levels  from  drilling  operations  at  the 
Flower  Gardens.  The  EPA  has  concluded  that 
banning  all  bulk  or  large-volume  discharges  of 
drilling  flu  ids  will  minimize  the  potential  for  chronic 
impacts.  Also,  the  EPA  expanded  the  no-activity 
zone  of  the  BLM  and  USGS  to  100  meters  to  limit 


further  the  exposure  of  the  reef  community  to 
drilling  discharges. 

The  region  from  85  to  100  meters  is  sparsely 
populated  compared  with  higher  levels  of  the  Bank 
(Figure  6).  The  EPA,  however,  is  particularly 
concerned  that  crinoids  (flower-shaped 
echinoderms),  which  are  attached  to  the  bottom 
around  the  Flower  Gardens,  may  accumulate 
toxicants  from  the  discharges  as  they  feed  on 
particulates  in  the  water  column.  Fish  feeding  on 
crinoids  and  then  moving  to  shallower  levels  of  the 
reef  could  transfer  toxicants  to  other  organisms. 
Zooplankton  migrating  through  the  water  column 
could  also  be  exposed  to  discharged  materials  and 
similarly  contaminate  other  constituents  of  the 
biota.  Before  this  exposure  route  can  be  assessed, 
the  likely  pathways  and  levels  of  effect  must  be 
defined.  Results  of  investigations  to  date  provide  no 
satisfactory  definition  of  these  levels. 

The  research  that  the  EPA  reviewed  in 
developing  its  permit  conditions  included  primarily 
bioassay  data  collected  by  researchers  funded  by 
the  EPA  itself,  the  American  Petroleum  Institute, 
and  the  USGS.  The  bioassay  is  a  laboratory  test  on 
living  organisms  that  indicates  the  concentration  at 
which  a  toxicant  affects  some  percentage  of  a  test 
population.  The  effects  measured  in  bioassays 
considered  by  the  EPA  included  actual  mortality  (on 
a  percentage  basis);  behavioral  changes; 
accumulation  of  toxicants  in  tissue,  organs,  or 
muscle;  and  larval  settlement. 

Although  there  is  a  vast  literatureon  the 
acute  or  lethal  effects  of  drilling  discharges  on  a 
range  of  organisms,  most  studies  involve  tests  that 
used  drilling  mud  which  had  not  been  circulated 
through  a  drilling  system  or  tests  that  used 
constituents  of  drilling  fluids  rather  than  whole 
muds  (Offshore  Operators  Committee,  1976).  The 
test  organisms  were  generally  from  either  fresh 
waters  or  nearshoreor  estuarine  waters  and  were, 
therefore,  potentially  more  tolerant  to  a  range  of 
environmental  extremes  than  would  be  organisms 
from  the  open  waters  of  the  Gulf.  Furthermore,  the 
acute  toxicity  bioassays  used  can  indicate  responses 
only  at  high  doses,  which  are  not  representative  of 
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those  which  an  organism  would  encounter  under 
natural  conditions.  Bioassays  have  also  generally 
been  confined  to  adult  organisms,  despite  the 
potentially  greater  sensitivity  of  larval  and  juvenile 
stages  to  drilling  discharges.  Many  different 
techniques  were  used  to  prepare  the  material  to  be 
tested.  Finally,  the  results  of  tests  measuring 
sublethal  effects  or  bioaccumulation  are 
inconsistent  or  incomparable  because  of  differing 
techniques,  operating  measures,  and  levels  of 
detail. 

Bioassays  measuring  acute  mortality  (to  50 
percentot  the  test  population)  of  drill  ing  fluids  yield 
ranges  from  365  to  92,500  parts  per  million  (Conklin 
and  others,  1980;  Neff  and  others,  1980).  This  range 
is  too  wide  to  use  in  setting  limits  on  rates  and 
volumes  of  discharges.  Furthermore,  the  toxic 
agent  or  agents  in  the  fluids  have  yet  to  be 
identified.  Finally,  under  actual  discharge 
conditions  in  a  high-energy  environment,  rates  of 
dilution  may  be  high  enough  to  minimize  exposure 
of  biological  communities  to  toxic  concentrations; 
however,  in  those  instances  where  actual 
discharges  have  been  monitored,  lack  of 
information  on  the  predilution  of  the  discharge, 
which  is  sometimes  practiced  priorto  the  releaseof 
drilling  fluids,  makes  dilution  ratios  questionable. 
Thus,  extrapolation  from  laboratory  concentrations 
to  field  exposure  levels  with  existing  data  is  of  little 
meaning,  especially  in  an  area  as  hydrodynamically 
complex  as  the  Flower  Gardens. 

National  Oceanic  and  Atmospheric  Administration 

If  the  Flower  Garden  Banks  are  designated  as  a 
marine  sanctuary,  their  management  will  be  in  the 
hands  of  a  sanctuary  task  force.  This  body, 
consisting  of  representatives  of  the  BLM,  USGS, 
FWS,  EPA,  and  the  National  Marine  Fisheries 
Service,  provides  the  potential  for  the  coordination 
of  research  and  standard-setting  for  oil  and  gas 
activities.  On  theotherhand,  it  may  set  the  stage  for 
further  differences  of  opinion  on  the  degree  to 
which  restrictions  are  called  for  by  research 
findings. 

Conclusion 

Overlapping  regulatory  authority  and  divergent 
research  programs  have  resulted  in  inconsistent 
regulation  of  hydrocarbon  activities  at  the  Flower 
Garden  Banks.  Each  of  the  federal  agencies  involved 
in  developing  regulations  for  the  Banks  conducts  its 
own  research  program  or  requires  independent 
monitoring.  Oil  and  gas  industry  users,  primarily 
through  the  American  Petroleum  Institute,  also 
sponsor  research  on  the  fate  and  effects  of  drilling 
discharges.  The  combination  of  inconsistent 
regulations  and  conflicting  research  results 
provides  an  opportunity  for  industry  and 
environmental  groups  to  challenge  the  legitimacy 


of  the  regulations.  Persons  responsible  for  making 
similar  regulatory  decisions  for  activities  in  other 
Outer  Continental  Shelf  areas  are  confronted, 
therefore,  with  a  confusing  precedent. 

This  problem  could  be  resolved  through  the 
development  of  a  research  program  designed  to 
produce  independently  verifiable  results. 
Laboratory  investigations  that  use  different 
techniques  and  different  organisms  continue  to  be 
conducted.  Field  studies  carried  out  in  the  area  are 
an  equally  frustrating  source  of  information.  The 
hydrodynamics  a  round  the  Banks  are  understood  to 
a  limited  degree.  Monitoring  studies  have  followed 
only  one  component  of  the  mud  and  have  sampled 
relatively  small  areas.  Comprehensive  data  on  the 
current  regime  around  the  Banks  could  provide  the 
basis  for  modeling  the  fates  of  components  of  the 
discharge.  With  these  data,  predictions  about  the 
fate  of  the  discharge  could  be  made.  Coupled  with 
information  from  laboratory  investigations, 
monitoring  might  then  focus  on  sampling  for  those 
effects  in  areas  where  the  modeling  predicts  they 
will  occur.  Such  a  research  program  requires 
interagency  coordination  in  conjunction  with 
hypothesis-testing  of  fates  and  effects  of 
discharges,  which  would  serve  as  thefoundation  for 
a  consistent  approach  to  the  regulation  of  oil  and 
gas  activities  at  the  Flower  Garden  Banks. 
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The  Oceans  as  Waste  Space?,  Vol.  24:1,  Spring  1981 — Whether  we  should  use  the 
oceans  as  a  receptacle  for  waste  or  not  is  a  question  of  much  concern  today.  Topics 
in  this  issue  include  radioactive  waste  and  sewage  sludge  disposal  policies, 
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The  Coast,  Vol.  23:4,  Winter  1980/81— Celebrating  the  Year  of  the  Coast,  this  issue  is 
dedicated  to  the  more  than  80,000  miles  of  our  nation's  shorelines.  Included  are 
articles  on  barrier  islands  (federal  policies  and  hazard  mapping),  storms  and 
shoreline  hazards,  off-road  vehicles  on  Cape  Cod,  the  Apalachicola  experiment, 
and  coastal  resource  conservation  and  management. 

Senses  of  the  Sea,  Vol.  23:3,  Fall  1980 — Marine  animals  have  complex  sensory 
systems.  Here  we  learn  that  lobsters  can  taste  and  smell,  bacteria  can  sense  their 
world  magnetically,  and  some  fish  can  sense  electrically.  We  discover  that  octopuses 
have  a  sophisticated  sense  of  equilibrium,  and  that  some  insects  use  the  water  sur- 
face to  communicate.  Underwater  vision,  hearing,  and  echolocation  are  also 
discussed. 

General  Issue,  Vol.  23:2,  Summer  1980 — A  collection  of  articles  on  a  range  of  topics, 
including:  the  dynamics  of  plankton  distribution;  submarine  hydrotnermal  ore 
deposits;  legal  issues  involved  in  drilling  for  oil  on  Georges  Bank;  and  the  study  of 
hair-like  cilia  in  marine  organisms. 

A  Decade  of  Big  Ocean  Science,  Vol.  23:1,  Spring  1980 — As  it  has  in  other  major 
branches  of  research,  big  science  has  become  a  powerful  force  in  oceanography. 
The  International  Decade  of  Ocean  Exploration  is  the  case  study.  Eight  articles 
examine  scientific  advances,  management  problems,  political  negotiations,  and  the 
attitudes  of  oceanographers  toward  the  team  approach. 

Ocean  Energy,  Vol.  22:4,  Winter  1979/80 — How  much  new  energy  can  the  oceans 
supply  as  conventional  resources  diminish?  The  authors  in  this  issue  say  a  great  deal, 
but  that  most  options — thermal  and  salinity  gradients,  currents,  wind,  waves,  bio- 
mass,  and  tides — are  long-term  prospects  with  important  social  ramifications. 
Ocean/ Continent  Boundaries,  Vol.  22:3,  Fall  1979 — Continental  margins  are  no 
longer  being  studied  for  plate  tectonics  data  alone,  but  are  being  analyzed  in  terms 
of  oil  and  gas  prospects.  Articles  deal  with  present  hydrocarbon  assessments, 
ancient  sea-level  changes  that  bear  on  petroleum  formations,  and  a  close-up  of  the 
geology  of  the  North  Atlantic,  a  current  frontier  of  hydrocarbon  exploration.  Other 
topics  include  ophiolites,  subduction  zones,  earthquakes,  and  the  formation  of  a 
new  ocean,  the  Red  Sea. 
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Oceans  and  Climate,  Vol.  21:4,  Fall  1978 — This  issue  examines  how  the  oceans 
interact  with  the  atmosphere  to  affect  our  climate.  Articles  deal  with  the  numerous 
problems  involved  in  climate  research,  the  El  Nino  phenomenon,  past  ice  ages,  how 
the  ocean  heat  balance  is  determined,  and  the  roles  of  carbon  dioxide,  ocean 
temperatures,  and  sea  ice. 

General  Issue,  Vol.  21:3,  Summer  1978 — The  lead  article  looks  at  the  future  of 
deep-ocean  drilling,  which  is  at  a  critical  juncture  in  its  development.  Another 
piece — heavily  illustrated  with  sharp,  clear  micrographs — describes  the  role  of  the 
scanning  electron  microscope  in  marine  science.  Round  ing  out  the  issue  a  re  articles 
on  helium  isotopes,  seagrasses,  red  tide  and  paralytic  shellfish  poisoning,  and  the 
green  sea  turtle  of  the  Cayman  Islands. 

Marine  Mammals,  Vol.  21:2,  Spring  1978 — Attitudes  toward  marine  mammals  are 
changing  worldwide.  This  phenomenon  is  appraised  in  the  issue  along  with  articles 
on  the  bowhead  whale,  the  se"a  otter's  interaction  with  man,  behavioral  aspects  of 
the  tuna/porpoise  problem,  strandings,  a  radio  tag  for  big  whales,  and  strategies  for 
protecting  habitats. 

The  Deep  Sea,  Vol.  21:1,  Winter  1978 — Over  the  last  decade,  scientists  have  become 
increasingly  interested  in  the  deep  waters  and  sediments  of  the  abyss.  Articles  in  this 
issue  discuss  manganese  nodules,  the  rain  of  particles  from  surface  waters,  sediment 
transport,  population  dynamics,  mixing  of  sediments  by  organisms,  deep-sea 
microbiology — and  the  possible  threat  to  freedom  of  this  kind  of  research  posed  by 
international  negotiations. 

General  Issue,  Vol.  20:3,  Summer  1977 — The  controversial  200-mile  limit  constitutes 
a  mini-theme  in  this  issue,  including  its  effect  on  U.S.  fisheries,  management  plans 
within  regional  councils,  and  the  complex  boundary  disputes  between  the  U.S.  and 
Canada.  Other  articles  deal  with  the  electric  ana  magnetic  sense  of  sharks,  the 
effects  of  tritium  on  ocean  dynamics,  nitrogen  fixation  in  salt  marshes,  and  the 
discovery  during  a  recent  Galapagos  Rift  expedition  of  marine  animal  colonies 
existing  on  what  was  thought  to  be  a  barren  ocean  floor. 

Sound  In  The  Sea,  Vol.  20:2,  Spring  1977 — Beginning  with  a  chronicle  of  man's  use  of 
ocean  acoustics,  this  issue  covers  the  use  of  acoustics  in  navigation,  probing  the 
ocean,  penetrating  the  bottom,  studying  the  behavior  of  whales,  and  in  marine 
fisheries.  In  addition,  there  is  an  article  on  the  military  uses  of  acoustics  in  the  era  of 
nuclear  submarines. 
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